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Ascent of magma results in drastic drops of pressure and temperature during eruption.
Exsolution or dissolution of water changes the physical and chemical properties of the
magma and can promote or inhibit the formation of bubbles, crystals and cracks. The
microstructural relations between bubbles, crystals and cracks are important records of
processes immediately before and during volcanic eruptions and during deposition of
volcanic products. This is an integrated study of analyses, conceptual and numerical
models of textural relations, and water distribution patterns of natural and experimen-
tally altered samples. Synchrotron Fourier transform infrared spectroscopy and focal
plane array detectors open new possibilities for the analysis of the spatial distribution
of volatiles in volcanic rocks. New ways of sample preparation, measurements and data
analyses helped to create water distribution maps with spatial resolutions that are close
to the diffraction limit (≈3 µm). In order to constrain eruptive processes and mechanisms
of lava emplacement, I describe textural features in volcanic glasses including bubbles,
flow bands of crystals or bubbles, spherulites and different generations of cracks. In
experiments, bubbles were grown under isobaric conditions, at one or two cooling steps,
their textures were described and volume changes tracked. Water distribution patterns
in the glass around the textures were described and categorized, and where possible, dif-
fusion modeling was used to infer temperature- and timescales of formation. Rocks that
are quenched within short periods of time after bubble growth preserve negative gradi-
ents of water toward the bubble margins. These gradients are generally not observed if
the sample is kept at high temperatures for extended periods. If, however, a second step
of cooling is added, water may be re-dissolved into the surrounding melt, which may
lead to the complete resorption of bubbles. A conceptual of water redistribution during
bubble resorption or collapse is used to interpret water heterogeneities across linear flow
banding. These heterogeneities can be caused by shearing of bubbly magma, leading to
collapse, degassing and resorption of water into the melt, creating a bubble free melt.
Anhydrous spherulitic crystals grow both above and below the glass transition temper-
ature (T g) redistributiong water into the surrounding melt. Below T g, cracks form and
are successively hydrated by magmatic water from crystal growth or by meteoric water
at temperatures far below T g. The hydrated perlitic cracks in the samples of this study
formed at elevated temperatures and are distinct from cracks formed at ambient temper-
atures without hydrated margins. This study shows that the heterogeneous distribution
of water in volcanic rocks preserves the complex and non-linear degassing and cooling
history of eruptive products. The timescales and temperatures discovered here provide
new ways to interpret textural observations, water distribution patterns and signals of
shallow volcanic unrest.
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Figure 1.1: Common textures in magma evolve during ascent, eruption and emplace-
ment. The formation of bubbles, flow bands, crystals and cracks occurs over wide
ranges of temperatures and is associated with water redistribution.
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1.1 Abstract
Magma consists of silicate melt or glass, bubbles, cracks and crystals in varying pro-
portions (Fig. 1.1). Textural relations of these constituents are one of the major tools
of volcanology that aid in interpreting the dynamic processes before, during and after
a volcanic eruption [10, 24, 88, 102, 137, 143, 145, 173, 187]. Silicate melts are a
connected network of (mostly) silica tetrahedrons with short-range order. When the tem-
perature drops below the glass transition temperature (T g), the structure of the melt is
frozen in, and the supercooled melt behaves as a brittle, solid glass. The glass transition
temperature is defined as the onset of the change in a physical property [108] e.g. vis-
cosity [59, 182], the thermal expansion coefficient [123] or the heat capacity of the glass
[127, 168]. Therefore, the glass transition not only depends on the chemical composition
(e.g. on the water content), it is also determined by the state of relaxation of the glass
and, therefore, its thermal history [43]. T g is a key discussion topic in all chapters
in this thesis, as crossing T g can mark transitions in eruption style from effusive to
explosive [43] (Fig. 1.1).
1.2 Water in magmas and melts
The solubility of water highly depends on pressure [40, 71, 90, 105], temperature [71,
138, 191] and composition [71, 120, 138] of the melt (Fig. 1.2).
Water is a main volatile constituent of melt inclusions in crystals, which are quenched
and isolated during crystallization. These inclusions can contain water contents of up
to 8 wt.% [e.g. 178, 179]. The degassed volcanic products, however, usually contain
.1 wt.% water which corresponds to the low pressures the melt experiences before
eruption and quenching [e.g. 24, 119](Chapters 3 and 4). Exceptions exist in perlitic
glass which can show up to ≈10 wt.% H2O[e.g. 38](5). How the water gets oversaturated
remains unknown and there is a lack of solubility data in intermediate temperatures be-
tween atmospheric temperatures (relevant for archeological artefacts of natural glass
[2]) and magmatic temperatures [105]. I present data of hydration that ranges from
magmatic temperatures during bubble growth (Chapter 3) to temperatures of emplace-
ment (Chapter 4) and post-emplacement alteration (Chapter 5) covering temperatures
from 850 ◦C to ambient temperatures of ≈10 ◦C. Stolper [159] could show that water
is dissolved as two species: molecular water (H2O) and hydroxyl groups (OH
−) which
interconvert in an equilibrium reaction:
H2Om(melt) +O
2−(melt)
 2OH−(melt) (1.1)
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Figure 1.2: Water solubilities in rhyolitic melts at different pressures and temper-
atures (note the higher solubilities at lower temperatures). Modified figure from Ya-
mashita [191]
This equilibrium reaction is only appropriate above T g (or rather the fictive temperature,
which is equal to T g in a relaxed melt) [196], making re-equilibration [130] below T g
unknown. Hydroxyl groups form a larger proportion of the total water than H2Om at
low total water content. The proportion present as OH−- decreases with increasing
total water content [115, 130, 159, 159, 195]. The kinetics of re-equilibration has been
suggested as a proxy for cooling timescales of degassing magma [198]. I discuss how
different water species are measured in Chapter 2, and although I collected FTIR data
on different water species (Appendix), I have omitted this data from the bulk of the
thesis as the relevance and reproducibility of species data at low temperatures is still to
poorly constrained [115].
1.3 Diffusion
The diffusion of water in melts and glass is covered by several review articles [e.g.
2, 196, 199]. At oxidizing conditions that prevail in most situations in magma presented
in this study, diffusion of H2 does not occur and water only diffuses as H2O and OH
−.
Of these two species, H2O is the dominant diffusion species, whereas OH
− occurs mainly
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due to interconversion of the two species, even at low water contents (.0.2 wt.% in the
mentioned study of Zhang et al. [197]). At low water concentrations the diffusivity is
approximately proportional to the total water content, whereas, at higher water content
(>3 wt.%) this assumption does not match experimental data [196]. We used known
rates of diffusivity to estimate timescales of volcanic processes in Chapters 3 and 5.
1.4 Impacts of water on the properties of magma
Water can account for up to 8 wt.% of the composition of the melt and physical
properties of the melt are drastically changed by hydration and dehydration. Small
amounts of water can drastically change the rheological properties of the melt because
of its network modifying qualities (Fig. 1.3). The solution of water effectively creates
non-bridging oxygens in the structure of the melt. This lowers the viscosity, T g [68] and
density [150] of the melt.
Diffusivity is directly proportional to the viscosity (based on the Einstein relation [47])
and, therefore, diffusive processes are generally faster at higher water contents. Diffu-
sion is necessary for crystals or bubbles to grow. At very high viscosities, the growth
of crystals can be completely inhibited leading to crystal free glass despite high bulk-
oversaturation of the respective phases. In addition, if water is added to the melt,
liquidus and solidus temperatures for most mineral phases are shifted to lower temper-
atures which may allow partial melting of the mantle in subduction zones [e.g. 176].
I discuss the interplay between water solubility, diffusion and viscosity as temperature
changes as crystals and cracks form in Chapter 5 and as bubbles form in Chapter 3.
Bubble nucleation and growth is largely controlled by viscosity and gas diffusion [e.g.
95, 99, 124, 166].
1.5 Bubble nucleation
During ascent, magma depressurizes, volatiles exsolve and bubbles nucleate (Fig. 1.1).
Continued exsolution and limited growth creates overpressurization that may lead to an
explosive or effusive volcanic eruption. Water exsolution is, therefore, a dominant driv-
ing force behind volcanic eruptions [147]. Bubble formation can occur by homogeneous
and/or heterogeneous nucleation. Homogenous bubble nucleation is the nucleation of a
bubble in a crystal- and bubble free melt. Initially, high energy is required to propagate
bubble growth as melt surface tension acts to resist growth proportional to the bubble
size; therefore, nucleation and initial growth requires high amounts of volatile supersatu-
ration [98, 107]. Heterogeneous bubble nucleation is the nucleation of a bubble on phase
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Figure 1.3: The viscosity of a hydrous granitic melt at different temperatures. Note
that the decrease of viscosity is the most drastic for the first wt. % of water added.
Modified after Hess and Dingwell [68]).
boundaries such as the surface of a microlite, inclusion, or xenolith. The heterogeneous
bubble nucleation at a phase boundary is more efficient and does not require as high
amounts of volatile supersaturation as homogeneous nucleation [74]. The bubble growth
that I investigate in Chapter 3 follows a period of homogeneous bubble nucleation from
a supersaturated crystal-free obsidian.
1.6 Bubble growth
Both depressurization and exsolution control the growth of bubbles [125]. Depressur-
ization facilitates bubble growth in two ways: oversaturation of the melt in volatiles,
and a decrease of the density of the volatiles. Volatiles diffuse into nucleated bubbles
if the melt is oversaturated due to depressurization, temperature increase or changes in
composition. The exsolution rate is controlled by the amount of oversaturation and the
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diffusivity of the volatile exsolving [125]. After nucleation, the internal pressure in the
small bubbles is high due to the melt surface tension acting on a high surface area to
volume ratio, keeping growth rates low. As soon as the surface/volume ratio decreases
with bubble growth, the relative effect of surface tension is reduced, and bubbles grow
more rapidly.
Figure 1.4: The energy of formation of a nucleus as a function of its radius. As soon
as the surface term is overtaken by the volume term, the nucleus grows spontaneously.
Modified after Navon and Lyakhovsky [110]
Bubble growth can be described by the Pe´clet number (Pe) [95], whether controlled by
diffusion of water in melt or by viscosity. Pe is the product of the Reynolds number
(the ratio of inertial to viscous forces of the melt) and the Schmidt number (the ratio of
the momentum diffusivity to molecular diffusivity) or simplified, the ratio of timescale
of diffusion (td = R
2/D where R is the bubble radius and D is the diffusion coefficient)
over the timescale of viscous deformation (tv = η/∆P where η is the viscosity and ∆P
is the saturation pressure).
Pe =
td
tv
=
∆PR2
ηD
(1.2)
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A purely diffusion controlled bubble growth takes place at Pe >1, whereas, a Pe <1
indicates a viscosity limited growth of bubbles. A supercooled melt below T g, such as
in a cooled lava dome, will not allow any bubble growth or collapse within reasonable
timescales even though diffusion is still possible. As bubble growth is hindered, continued
degassing and increasing overpressurisation of pores may lead to brittle fragmentation
[111, 162]. The initial growth of bubbles in low viscosity magma, however, is purely
controlled by the diffusion of water into the melt. Many studies have investigated the
growth rates of bubbles during depressurization[e.g. 63, 86, 99, 110, 111, 166, 169, 170,
193]; however, these studies neglect bubble growth at isobaric conditions. Isobaric bubble
growth is the case for stagnating magma in the magma chamber, conduit and for erupted
volcanic products. Most volcanic products preserve either whole vesicles (such as in lava,
pumice, scoria or large volcanic bombs) or shards of glass that represented bubble walls
before fragmentation [129]. In Chapter 3, we investigate isobaric bubble growth in a
lava as an oversaturated melt re-equilibrates.
1.7 Bubble coalescence and connectivity
Ostwald ripening of foam minimizes the surface/volume ratios of the existing bubbles:
smaller bubbles are consumed by bigger bubbles through diffusion and average bubble
sizes increase [85]. Coalescence is caused by the interaction of two or more bubbles and
the rupture of the melt wall(s) that separate them, surface tension acts to retract the
melt film(s) and re-round the new, larger bubble [62]. As the volumetric bubble/melt
ratio increases during bubble growth, chances of bubble interconnectedness increases
and this drives coalescence. A closest packing of equally sized spheres takes up ≈74% of
the total volume. In natural bubble-bearing melts an increase in connectivity occurs at
≈60% porosity. However, this threshold varies drastically according to bubble size and
shape [e.g. 20]. Percolation theory may predict the connectivity of randomly dispersed
pore space [e.g. 55, 94]; however, its application is non-trivial for magmatic foams as
the range of bubble sizes and shapes is highly variable [31]. Shearing of the magma
has an additional positive effect on the connectivity of the pore-volume (permeability)
of magma [19, 118]. During slow decompression, the connectivity can allow outgassing
and lower overall pressures leading to non-explosive outgassing [118]. During rapid
decompression, the connectivity can aid fragmentation due to bubble wall thinning and
cascading fragmentation through a network of bubbles [81]. Bubble coalescence occurs
during bubble growth experiments described in Chapter 3, and is a crucial component
of bubble collapse which I discuss in Chapters 3 and 4.
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1.8 Outgassing and foam collapse
The porosity of magmatic foams decreases during coalescence of bubbles if outgassing
occurs through a permeable network and the foam begins to collapse. Collapse of foamed
magma is assumed to be mostly driven by either connection of bubbles and open-system
degassing through a permeable network [104, 185], repressurization of the foam result-
ing in resorption of bubbles [180] or due to shearing of the foam [19, 118]. Sheared
magma often produces bands of heterogeneities in crystal and bubble number densities
and shapes broadly parallel to the flow direction [27, 62]. In a fully crystallized magma
or lava, the direction of shearing is preserved in bands of different minerals and mineral
orientations. It has been suggested that these textural features either cause a redistri-
bution of water [27] or are the result of mingling of melts of different water contents
[62, 154]. We present a new conceptual model of flow band formation in Chapter 4.
1.9 Crystallization
Magmas are typically far below the solidus temperature of crystal phases at the moment
they erupt and, therefore, often contain crystals. Crystallization above the solidus is not
the focus of this thesis, however, crystallization at or below solidus temperatures is an
important component of Chapters 4 and 5. The high viscosity of the melt often prohibits
nucleation and/or the growth of crystals, which leads to the formation of volcanic glass
(as a rhyolitic glass called obsidian). At a high ∆T, i.e. at a high supercooling from
the solidus, the viscosity is so high (and therefore diffusion is low), that heterogeneous
nucleation dominates, which leads to a low crystal number density while growth of
the crystals can still be rapid due to the high over saturation. This often leads to
spherulitic growth of crystals (i.e. the radial growth of often branched needles which
tend to form spheres). Spherulites are described in a variety of materials [144] and have
been extensively studied ([e.g. 29, 30, 36, 57, 69, 100, 102, 106, 144, 146, 161, 181]).
Spherulites are an ideal material for studies of crystal growth in magma because of
their well-defined geometrical shape, as well as the unconvoluted chemical and textural
data of their surroundings due to their sparseness and the homogeneous and isotropic
nature of the melt in which they grow. Spherulites in volcanic rocks contain mostly
anhydrous minerals and redistribute the incompatible water in diffusional haloes around
the spherulites (see Fig. 1.5).
Studies that have modeled timescales of spherulite growth [29, 69, 181] suggested growth
continues below the glass transition temperature (T g); however, no conclusive evidence
could be shown. In Chapter 5, I give a detailed summary of existing models of spherulite
Chapter 1. Introduction 9
Figure 1.5: Hydration around a spherulite in a rhyolitic melt (position 0 µm marks the
boundary of the spherulite). A numerical model yields a growth rate of the spherulite
of 3.6x10−9 ms−1. Modified from Castro et al. [29]
growth and discuss timescales and temperature of spherulite growth in the context of
texture formation in a cooling lava dome based on analytical and numerical data.
1.10 Brittle deformation and fragmentation
When silicate melts are cooled below T g, they behave as a brittle glass [183]. In the
solid glass, kinetic processes are drastically slower, prohibiting bubble growth or collapse
and slowing down or stalling crystal growth [155]. Continued exsolution and addition
of volatiles or volatile expansion from decompression will exert stress on the walls of
bubbles. Likewise, stress can be exerted by flow from magmatic pressure [87]. If this
stress is rapidly applied (i.e. exsolution or flow rates are high), high strain rates shift the
glass transition to higher temperatures as the time required for relaxation is exceeded by
the rate of strain [43]. Therefore, cracks can form in an otherwise relaxed melt. A relaxed
bubbly melt can be viewed as a gas suspension in a melt continuum, however, if cracks
are pervasive and join up with gas bubbles/pores this creates a melt suspension in a gas
continuum, fragmentation occurs and pyroclasts form [20, 22, 151]. If sufficient energy
is contained in the expanding volatiles prior to fragmentation, these pyroclasts may be
ejected in an explosive eruption. Alternatively, these fractures can heal again if eruption
does not occur and temperatures remain high enough for relaxation[18, 79, 174]. At lower
temperatures and with insufficient overpressure to generate an explosive eruption, cracks
remain an open texture, decreasing the stability of volcanic domes or plugs and increase
permeabilities [89]. An increase in permeability allows for more efficient degassing of
a magma, effectively changing the eruptive behavior of the volcano to a more effusive
eruption style [e.g. 75, 121]. Degassing through a fracture can be shown by gradients
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of water across cracks in obsidian [18, 32]. An overview of different generations of
cracks formed during the emplacement and cooling of a lava dome is given in Chapter
5, together with temperatures and timescales of first hydration of magma by magmatic
and meteoric water.
1.11 Introduction summary
During ascent, eruption and emplacement of magma, bubbles form and collapse, crystals
nucleate and grow and cracks open and heal. Questions relating to these processes are
presented below in Table 1.1, and answering these questions is the aim of this thesis.
During formation of these textures, important physical and chemical properties of the
melt change which has a direct influence on the eruptive behavior of the volcano. Water
heterogeneities are created during the formation of the textures and often remain as a
record of eruptive processes. This study uses high-resolution water distribution mapping
around textural features to support textural proxies of timescales and temperatures and
conceptual models of texture development in magma. In Chapter 2, I will discuss FTIR
preparation and analytical techniques used to achieve highest possible spatial resolutions
to analyze textures in magma that form during ascent, eruption and emplacement at
volcanoes.
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Question What	  could	  provide	  answers	  to	  this	  question?1.	  What	  technique	  is	  best	  suited	  for	  quantitative	  water	  analysis	  at	  high	  spatial	  resolution? A	  comparison	  of	  recent	  developments	  in	  the	  analytics	  for	  geosciences.2.	  What	  is	  the	  best	  way	  to	  prepare	  fragile	  samples	  of	  vesicular,	  cracked	  and	  fragile	  glass? Experience	  and	  trial	  and	  error	  of	  common	  techniques	  as	  well	  as	  exchange	  with	  other	  scientists.	  
3.	  What	  are	  typical	  water	  distribution	  patterns	  around	  bubbles	  	  and	  can	  they	  be	  used	  as	  a	  proxy	  for	  volcanic	  processes?	   High	  -­‐	  resolution	  fourier	  transform	  infrared	  measurements	  around	  a	  number	  of	  vesicles	  in	  glass	  of	  a	  natural	  composition
4.	  Is	  bubble	  resorption	  due	  to	  cooling	  possible	  and	  what	  is	  the	  impact	  on	  volume	  and	  water	  distribution	  of	  volcanic	  rocks? Experiments	  of	  bubble	  growth	  with	  	  stagnation	  at	  a	  lower	  temperature	  and	  comparison	  of	  water	  profiles	  with	  quenched	  samples	  	  	  	  	  	  
3.	  What	  are	  typical	  timescales	  of	  isobaric	  bubble	  growth	  and	  could	  this	  be	  measured	  in	  natural	  samples? Volumetric	  measurements	  of	  bubble	  growth	  in	  combination	  with	  water	  diffusion	  profiles	  around	  the	  formed	  bubbles	  
5.	  Are	  there	  water	  heterogeneities	  associated	  to	  flow	  bands?	   High-­‐resolution	  water	  measurements	  across	  a	  flow	  band	  with	  little	  or	  no	  vesicles	  and	  crystals	  	  that	  could	  distort	  the	  measurement.	  	  	  	  	  6.	  What	  are	  flow	  bands	  and	  how	  do	  they	  form?	  	   Textural	  descriptions	  and	  comparison	  to	  vesicular	  volcanic	  rocks.	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  7.	  Could	  flow	  banding	  be	  associated	  to	  the	  collapse	  of	  magmatic	  foams? Measurements	  of	  water	  around	  bubbles	  that	  could	  have	  collapsed.
8.	  At	  what	  temperatures	  do	  spherulites	  form	  and	  do	  they	  form	  below	  the	  glass	  transition? Models	  of	  water	  diffusion	  profiles	  in	  combination	  with	  textural	  observations.Are	  there	  cracks	  preserved	  that	  were	  formed	  during	  the	  formation	  of	  the	  spherulite?	  
9.	  How	  do	  Spherulites	  relate	  to	  other	  textures	  in	  volcanic	  domes	  in	  terms	  of	  temperature,	  timescales	  and	  formation	  processes?
Hydration	  patterns	  around	  textures	  that	  are	  associated	  to	  spherulitic	  growth,	  as	  well	  as	  textural	  relations	  that	  could	  give	  evidence	  of	  the	  order	  of	  formation	  during	  cooling.	  10.	  Have	  all	  cracks	  found	  in	  volcanic	  glass	  formed	  at	  the	  same	  time	  and	  temperature?	  	  	  	   Comparison	  of	  hydration	  patterns	  around	  cracks	  that	  are	  connected	  to	  a	  source	  of	  water	  since	  formation.11.	  What	  are	  possible	  processes	  that	  lead	  to	  cracking	  in	  magma?	  	   Textural	  relations	  and	  temperatures/timescales	  from	  diffusion	  modelling	  
12.	  What	  are	  perlitic	  cracks,	  how	  do	  they	  form	  and	  at	  what	  temperature	  range	  and	  timescales. Textural	  relations	  and	  temperatures/timescales	  from	  diffusion	  modelling,	  as	  well	  as	  hydration	  patterns:	  Was	  there	  hydration	  before	  the	  perlite	  formed,	  or	  is	  hydration	  a	  result	  of	  perlitic	  cracking?
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Table 1.1: Questions and aims of this study
Preamble
In the introduction of this thesis, I show that the volcanic textures that
control volcanic processes are frequently microscopic. Microscopic structures
include bubbles, crystals and cracks in the glassy groundmass of volcanic
rocks. These textures are driven by microscopic temperature, pressure, and
water saturation gradients. Therefore, the associated water heterogeneities
are on a similar microscopic scale. Amplitudes of water heterogeneities can
be miniscule, depending on the size of the textural feature itself. This leads to
analytical challenges that made it impossible to detect and quantify these het-
erogeneities until recently. Modern techniques of synchrotron-sourced Fourier
transform infrared spectroscopy (FTIR) allow for quantitative measurements
of water at high resolution and signal to noise ratios. Focal plane array
(FPA) detectors and high precision motorized microscopic stages in combi-
nation with better computers make it possible to collect thousands of spectra
for images of water distribution within minutes. However, with higher reso-
lution, sample preparation has to be more precise. When measuring volcanic
glass with suspended textural features such as cracks and bubbles, the thin,
double-polished wafers are even more fragile. When working with synchrotron
radiation, beamtime is limited and sample preparation cannot be corrected if
the thickness leads to oversaturation of the detector. Therefore, I developed
and refined existing techniques to account for the fragility of textured sam-
ples. The following chapter gives an overview of the most important steps
in sample preparation, execution of measurements and analysis of data for
modern techniques in FTIR. The intention of this chapter is to share prac-
tical experience in order to encourage other users to employ these techniques
successfully on volcanic glass and rocks that show textures and water hetero-
geneities.
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Chapter 2
Advances in Fourier transform
infrared spectroscopy of natural
glasses: From sample preparation
to data analysis
Fourier transform infrared spectroscopy (FTIR) is a common analytical tech-
nique utilized to measure volatile content in volcanic rocks. Water and CO2
are the most common volatile species that drive volcanic eruptions. Water
has a higher solubility at lower pressures and is therefore the main volatile
forming bubbles during volcanic eruptions. Water concentration and dis-
tribution controls most magmatic processes and properties. FTIR has be-
come one of the most widely used analytical methods for estimating water
distributions in volcanic rocks. Additionally, quantitative measurements of
different water species can be achieved at high spatial resolution. Basic
FTIR equipment is comparatively inexpensive and requires minimal mainte-
nance. Recent developments in core components of the analytical equipment
such as synchrotron light sources or the development of focal plane array
(FPA) detectors allow measurement at higher resolutions and the collection
of concentration maps. Here practical insights from sample preparation to
analyzing the distribution and speciation of water in volcanic rocks using
FTIR spectroscopy are discussed. This chapter should encourage the usage
of modern techniques in FTIR analyses for studies of volcanic rocks and
discusses the main steps of this method to ensure best possible results.
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2.1 Introduction
Volatiles are the driving force behind volcanic eruptions [147]. Dissolved volatiles dras-
tically change the physical and chemical properties of silicate melts and magmatic rocks
[68]. Therefore high spatial and quantitative resolution are essential for the understand-
ing of magmatic processes from the subduction of crustal rocks to the emplacement of
volcanic rocks [e.g. 20, 178, 179]. Specifically, the spatial distribution of volatiles in vol-
canic rocks are a record of diffusion and therefore a quantitative proxy for timescales and
temperatures of hydration or dehydration mechanisms; such as the growth of bubbles
[28, 79, 180](Chapter 3), hydration of archeological artefacts [153], or the formation of
crystals [29] (Chapter 5). Analysis of melt inclusions is the main tool to understanding
initial volatile contents of melts and to estimate the depth of magma crystalization [e.g.
178]. Volatile contents of glass inclusions and groundmass volcanic glass host records of
diffusional changes in volatile concentrations over time, temperature and pressure and
are therefore of utter importance for establishing models of fundamental processes from
the lithosphere to volcanoes and volcanic eruptions.
Numerous studies discuss a variety of analytical tools for the measurement of volatiles
in volcanic rocks [e.g. 33, 39, 76]. Routes of volatile analysis include: Fourier transform
infrared spectroscopy (FTIR; here discussed) [11, 113, 159, 160], secondary ion mass
spectrometry (SIMS) [37, 65–67, 178], Raman spectroscopy [13], analysis of the Loss-on-
Ignition (LOI) by Karl Fischer titration [175, 184] and/or thermo gravitational analysis
(TGA) [3, 38], as well as electron backscatter methods [73, 101]. Apart from availability,
funding and other personal considerations such as experience of the user, there are
specific strengths and drawbacks of each analytical method.
Fourier transform infrared spectroscopy, the focus of this article, measures the fundamen-
tal vibration and the associated overtones in the infrared region of the electromagnetic
spectrum. FTIR instrumentation is comparatively simple (unless a synchrotron source
is used) and it can deliver accurate and precise measurements of high spatial and quan-
titative resolution [e.g. 39, 76, 112, 159, 160, 195]. Specifically, a spatial resolution of
up to 3 µm under synchrotron light sources and up to 20µm under conventional light
sources and detectors can be achieved [103]. Depending on the absorption bands in-
vestigated, the detection limit can be as low as 0.001 wt.% of either: hydroxyl groups,
molecular water or total water. Discriminating different bonds in hydrous compounds
is one of the major strengths of FTIR analysis and allows the quantification of hydrous
species to determine equilibration timescales [198]. Perhaps the major drawback of this
method is related to sample preparation, which, in most cases requires doubly polished,
thin, unsupported wafers. More importantly, sample preparation can be the primary
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accuracy limitation as the measured values are directly proportional to the thickness
and water content of the sample.
Secondary ion mass spectrometry uses an ion gun to emit secondary ions from the surface
of the analyzed material, which are then collected by a mass analyzer. Samples only
need to be polished on one side. Both the spatial resolution and detection range can
be extremely high at micrometer scale with detection limits down to parts per million
[33, 65, 67]. Accurate quantitative measurements require careful calibrations (often done
in reference to FTIR data) and the matrix effects of natural glasses can be complicated,
requiring standards of similar chemical compositions. A major limitation of this method
is that the characterization of water speciation is not possible [67, 76].
Raman spectroscopy is based on molecular vibrations caused by the scattering of light
[76]. The use of a coherent light source (i.e., a laser) allows for higher spatial resolu-
tion than conventional FTIR, however, calibrations for quantitative measurements are
limited, but are constantly being developed and refined [e.g. 13, 41, 93]. Before Raman
spectroscopic measurements can be used as a reliable quantitative method, combined
studies with FTIR are necessary to provide a reliable calibration, where doubly polished
samples are hard to prepare.
A way of determining bulk water concentrations without the use of spectroscopic meth-
ods is to force complete degassing by heating the samples to high temperatures in a
furnace or by using laser ablation. The released gas can then be detected by quan-
titative methods with low detection limits (60 ppm for 1 g of sample [184]) via Karl
Fischer titration [e.g. 175, 184] or by measuring the difference in weight coupled with
qualitative measurements by quadrupole mass spectrometry [38]. The advantages of
this method are that it is inexpensive, it measures the bulk volatile contents of larger
masses of rocks, and that the degassing temperatures potentially contain information
about volatile species degassing patterns [3, 171]. However, the processes of degassing
at high temperatures are not fully understood, neither are the impacts of sample prepa-
ration. Further disadvantages are that this method also measures adsorbed volatiles,
the contents of fluid inclusions and minerals, in addition to the volatiles dissolved in the
glass and the method is destructive. A potential future advantage of the development of
this technique includes the ability to target and measure particular dehydration events
at specific temperatures [3, 171].
Backscattering of atoms at the surface in nuclear microprobes used in elastic recoil
detection (ERD) or Rutherford backscattering (RBS) can produce accurate and precise
measurements of hydrogen contents in volcanic glass. For example, the study of Bureau
et al. [16] gives a limit of 4x16 µm2 as a maximum spatial resolution and 94 wt. ppm as a
detection limit. Recent studies show promising results in the use of backscatter electron
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analysis for measuring water concentrations in volcanic glass [73, 101] but matrix effects
and the impact of the polishing quality are not fully understood, therefore, analyses
have to be treated as qualitative.
A number of analytical methods are suited for analysis of volatiles in volcanic rocks,
however, funding and availability limit the choice significantly. FTIR is widely avail-
able, is a well-documented method and is therefore preferred by many scientists. The
list of methods, however, is constantly growing, which makes it important to review
the choice of analytical method regularly, based on recent developments in literature
and technology. Comparatively, the increasing possibilities for volatile analysis and the
increasing body of literature available on analytical FTIR techniques make this an ideal
method for many applications when measuring volatile contents of volcanic glass. In
the following sections, we provide an overview of recent techniques and developments
in FTIR and share our practical experience in sample preparation, measurement and
analysis of the resultant data.
2.2 Fourier transform infrared spectroscopy
The vibrations of bonds in volatile species are usually elucidated by the absorption of
light in the region of near- and mid-IR (at wavelengths of ≈1.257 µm, which corresponds
to wavenumbers of 1400-8000 cm−1). The vibrations within the volatile species can either
be bending or stretching in two (e.g. for OH− and H2O) or three dimensions (for CO2−3 )
resulting in several peaks in absorbance.
In addition, the vibrations have overtones at higher wavenumbers in the near-IR region
(see Fig. 2.1 for a typical spectrum). The peaks caused by overtones are usually smaller
(at constant volatile concentrations and thickness; see Fig. 2.3 for comparison) and
typically less convoluted than the vibrational absorption peaks in the mid-IR region (see
Fig. 2.1), making them the preferred bands for measurements of quantities of species
at high volatile contents (&1 wt.%) where absorbtion can be detected in reasonably
thick samples. At low volatile contents (.1 wt.%), however, these peaks are too small
to be detected in translucent samples (see Fig. 2.3). In FTIR, all wavelengths of the
spectral area are created by a Michelson interferometer and the produced interferogram is
transformed into a spectrum by a Fourier transformation. In a Michelson interferometer,
the incoming beam of light passes through a half translucent mirror (i.e. the beam
splitter) and interferes with the incoming beam while the additional beam path oscillates.
This creates an interference pattern of the wavelengths of interest within a short period
of time. In contrast to a prism, the light does not have to pass through a small slit
and, therefore, the intensity of passing light remains high. Further, one interferogram
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Figure 2.1: Spectrum of volcanic glass with low water contents (<0.2 wt.%) in the
mid- IR region. Note the different shapes of the peaks for total water and molecular
water. While measuring the peak height for the 3570 cm−1 peak limits the influence
of correct positioning of the baseline, the peak at 1615 cm−1 would change drastically
with small differences in the angle of the baseline. Therefore speciation measurements
are often not possible because of difficulties in setting the baseline correctly while main-
taining consistency in the measurement method.
contains the whole spectral data and a set of tens of scans through the whole spectrum
(e.g. 1000 cm−1–6000 cm−1 can be performed in seconds to minutes) and the absorbance
of all relevant species can be measured concurrently.
2.3 Near IR versus mid IR
In most cases, the amount of water in the sample dictates the choice of bands for analyses
(see Fig. 2.3). Sample thicknesses have to be prepared accordingly to ensure high signal
to noise ratios. As discussed earlier, high resolution imaging of water using near-IR
bands is not possible at low volatile concentrations that require thick wafers if small
textural features create water heterogeneities within the thickness of the sample (see
Fig. 2.2).
Thin samples that could produce interference fringes within the spectra can make anal-
ysis of the measurements difficult. This is especially the case for the spectral range of
2500 ± 500 cm−1 and makes the selection of an appropriate baseline difficult. If an
aperture is used (i.e. in any method with conventional detectors), the diffraction limit
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Figure 2.2: Thickness issues when performing FTIR analyses on textured volcanic
glass. The chances of artefacts due to geometrical effects and/or hidden objects is
higher when measuring through a thick section rather than a thin section.
of the measurements becomes apparent at wavenumbers .2000 cm−1 [103]. If an FPA
detector is used, higher spatial resolutions are not limited by the diffraction of long
wavelengths [103]. FPA detectors, however, are mostly available for the mid-IR region,
and often synchrotron sources are set up for mid-IR measurements because of a wider
user base.
2.4 Preparing your sample for optimal results
Sample preparation is the most time-consuming and important step in assuring success-
ful measurements using transmitted light FTIR. A doubly polished wafer of the sample
has to be prepared. This is usually done by cutting the sample, polishing it on one side
and fixing it to a slide or similar, so the other side can be polished down to the final
thickness. Before starting the actual preparation the choice of the thickness of the final
wafer and an appropriate adhesive for mounting has to be selected.
To estimate the ideal thickness a volatile content has to be predicted and the absorp-
tion has to be calculated from that. The best result for measurements are achieved at
absorptions between 0.2-0.7 [139], but even at absorptions up to 1 the noise levels are
acceptable. Figure 2.3 shows curves for the most common cases of rhyolitic glasses and
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Figure 2.3: Thickness estimations to consider before sample preparation; This is a
rough estimate of ideal absorptivities for rhyolitic samples at different volatile concen-
trations and thicknesses. Blue: water in Mid-IR, green: CO2 in mid IR, red: water
in Near IR. The limits can be varied, depending on experimental setup. However, at
the values between 0.2-0.7, signal to noise ratios are the highest [139]. Absorptivities
for more mafic materials is slightly different, however, opacity of the sample may be an
issue when measuring samples of high iron contents. Therefore, these numbers should
only be considered as a rough guideline.
can be used as a quick reference to calculate the necessary wafer thickness. These thick-
nesses should only be seen as approximate values and different values might be more
appropriate for the objective for different reasons:
• If the sample shows opacity (e.g. mafic compositions), the sample has to be thinner
to achieve a sufficiently strong signal. Absorption coefficients for rhyolitic com-
positions in Fig. 2.3 only differ slightly from basaltic absorption (see Table 2.1,
therefore, this can be used as a rough guide for basalts as long as the sample is
not too dark.
• If the sample contains crystals, cracks or vesicles, the sample has to be thin to
avoid hidden features within the thickness of the wafer. See Fig. 2.2.
• Geometrical effects can distort concentration patterns and can only be minimized
by preparing thinner samples and choosing locations where the distribution can be
assumed to be homogeneous throughout the thickness of the sample, for example,
sufficiently far from textural features of interest. See Fig. 2.2.
Conversely, thin samples are problematic in two ways:
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• Thin samples are difficult to handle and prepare. They easily break or blow away.
• The accuracy of thin samples largely depends on the accuracy of thickness mea-
surements. A nominally small error in thickness measurements can lead to large
relative errors in composition quantification. If a sample measures 15 µm in thick-
ness, and the thickness evaluation gives and error of ±2 µm, the overall error is
larger than 25%, however, at a thickness of 150 µm the error is lowered by an order
of magnitude.
Therefore, properties of each individual sample have to be considered when targeting
thicknesses during preparation. A homogeneous sample should always be as thick as
possible to ensure good signal-to-noise ratios, heterogeneous samples and samples with
unknown water contents should be polished to thinner wafers to keep the spatial reso-
lution high and to avoid oversaturation of the detector. If in doubt, keeping the wafers
thinner rather than thicker is the preferable option. Samples that need to be doubly
polished should be mounted on a slide. For stable samples the first side can be polished
without support, however, if samples are very fragile, vesicular or already fractured, they
have to be impregnated with a bonding agent before the first polishing. Similarly, very
small samples, such as crystals containing glass inclusions, have to be mounted using
a resin or glue. Several different adhesives are commonly used and each of them has
specific properties that have to be considered before using them.
• CrystalbondTM 509 is an adhesive that can be melted onto the sample at ≈100 ◦C
and removed with acetone. CrystalbondTM is a good choice for both adhesive and
impregnation purposes as long as the samples are small. Handling is particularly
easy and the mounted sample can be adjusted at any time. Further advantages are
fast setting and excellent solubility in acetone. Polishing should be done manually
to avoid softening of the CrystalbondTM due to heat production during prepara-
tion.
• Superglue (ethyl-2-cyanoacrylate) has a very defined chemical composition, is a
strong adhesive and binds quickly at room temperature. It can be removed with
acetone and residues can be easily spotted as a white film or fibrous material
under the microscope. Superglue is stronger than CrystalbondTM if used in small
volumes, which may prevent low surface area samples from flaking from the slide
during polishing. Removing the glue takes longer than for CrystalbondTM, and
the short hardening time can make handling challenging. Thinning the superglue
with acetone is a good way of extending the working time, although it can produce
bubbles in the set glue, which lower the stability during cutting and polishing.
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• Epoxy resins such as Araldite R© or Epo-thinTM offer highest stability as an adhesive
and fill sample voids. However, epoxy cannot be removed and care has to be
taken that it does not interfere with the measurements. To avoid alteration of
the signal, mapping peak heights at a previously determined peak position that is
characteristic for the applied epoxy can be used to ensure that the measured area
is epoxy free. Epoxy resin is less brittle, easier to handle because it takes longer to
set, but it cannot be removed and the spectra can be contaminated. However, it
is easy to detect in the measured spectra and can be excluded from the data (Fig.
2.4).
For small samples and very porous samples that need large volumes to be filled,
CrystalbondTM works really well and is easy to handle, but it must be insured
that the short periods of heating will not alter the samples.
Figure 2.4: Distribution of epoxy resin in a cracked glass around a spherulite (See
Chapter 5) measured at 2973 cm−1. The confined distribution helps to identify cracks
and to dismiss data that could be affected by absorption of the resin. Warm colors
show elevated absorptions.
Small samples should be entirely covered with glue to make sure that the sides also
remain embedded and enough surface area exists to effectively parallel polish the sam-
ples. Embedding polishing aids of similar hardness, such as little pieces of colored glass
or garnets at a distance from the sample, can help keep a parallel polish by adding
resistance to the otherwise comparatively soft adhesive.
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If the samples have similar refractive indices as the adhesive, coloring of the sample with
an acetone-soluble pen can make it easier to check the progress of the work.
The samples have to be polished to microscopically smooth surfaces. For this, it is best
to polish with decreasing grit sizes down to at least 1 µm; however, the best results are
achieved with a grit size of 0.25 µmm. The actual choice of material and grits depends
on individual preferences and on properties of the samples, but a reliable choice is (in
ISO/FEPA grit) P800 – P1200 – P1500 – P2000 as wet silicon carbide papers. At P2000
the average particle diameter is 10.3 µm. Lower grain sizes are best polished under
rolling grain. If the measured area contains cracks, bubbles, crystals or the sample is
very small (.3 mm, depending on the skills and equipment of the operator), care has to
be taken not to polish shoulders into grain boundaries. These can be avoided by using
ceramic polishing dishes instead of felt polishing covers where possible, and minimizing
overall polishing times. If the sample is very brittle or contains crystals or other objects
that could break loose, felt is a better choice to avoid scratches. In any case, ample
sample lubrication should be provided at all times. As lubricants, water can be used
and for finer grit polishing, lubricants containing propylene glycol (available as common
antifreeze for combustion engines) or similar are suitable choices.
2.5 New Analytical capabilities
One of the most significant advances in FTIR measurements for the analysis of volcanic
glasses is the automation of 2-dimensional distribution measurements at a very high
signal to noise ratio and spatial resolution near- or at the diffraction limit. Two of
these techniques are the measurements with focal plane array (FPA) detectors and
the employment of synchrotron light sources combined with high precision motorized
microscopy stages.
2.5.1 Focal Plane Array Detectors
Since the development of multiple channel detectors in the 1970’s, this technology has
improved drastically, allowing high resolution imaging µFTIR at high rates with globar
light sources. All individual detector elements on the focal plane array simultaneously
measure the absorbance of the spectral range of the system. This makes it possible to
create maps of absorbances over large areas in very short timescales. The simultaneous
measurements of wide areas of often hundreds of µm2 occur within minutes compared
to hours on a conventional FTIR. This makes FPA detectors ideal for mapping of large
areas or reconnaissance measurements. However, the signal to noise ratios are lower
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than that of synchrotron sourced FTIR due to the weaker light source, which can make
quantitative measurements of small signals difficult. The spatial resolution is not only
limited by the pixel size but also by signals off the focal plane as FPA measurements
are not confocal. Signal to noise ratios can be significantly increased by pixel binning
if spatial resolution is no concern. Unfortunately, these detectors are not being used in
combination with synchrotron radiation due to limitations of the optical setup.
2.5.2 Synchrotron IR sources
Synchrotron radiation is widely available and the use for FTIR opens new possibilities
for the analysis of volcanic glass. Synchrotron sources produce much brighter light
than conventional globar sources. This keeps signal to noise ratios high, even at small
apertures. The light is not only very powerful, it is also emitted in a small range of
angles and, therefore, less light is blocked by the aperture. Miller and Smith [103]
show that at an opening of 10 µm, more than 80% of the radiation of a globar source
is blocked by the aperture, compared to less than 20% of a synchrotron light source.
The spatial resolution is limited by diffraction, which becomes apparent at an aperture
of 5x5 µm below 2000 cm−1 Miller and Smith [103]. At maximum resolutions, the
slightly heterogeneous intensity of synchrotron light sources can become apparent, when
the overlapping apertures during continuous measurements on a motorized stage are
not compensating this effect. Therefore, baselines for the band of molecular water
at 1630 cm−1 can be hard to determine at high spatial resolution. If compared to
FPA detectors with a globar source, signal to noise ratios are much better and spatial
resolution is only limited by diffraction.
2.5.3 Data volumes in imaging FTIR
Due to the vast amount of data created during measurements of arrays of points, the
wavenumber resolution should be kept at a minimum and the number of scans should be
appropriate for the overall resolution of the measurements. In most cases a resolution of
4 cm−1 or even 8 cm−1 is sufficient, if the signal is at a reasonably high level. The number
of scans can be estimated in test runs, but for most applications, 64 or even 32 scans are
adequate to keep measurement times at a minimum without compromising the quality of
the data. Apodization, which is the method of cutting off the lobes of the interferogram,
can lower the spectral resolution, but prevents wiggles on the lobes of absorption bands.
Generally, a stable base is very important for consistent placement of baselines, and
especially in the wide peaks in the range of 3500 cm−1, a high spectral resolution is not
the highest priority. Therefore, a stronger apodization (the way the interferogram is
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limited in order to allow fourier transformation) rather than just a boxcar apodization
(a rectangular cut off) should be used, such as a three-term Blackman-Harris window.
2.6 Data analysis for volatile concentration mapping in
volcanic glass
Based on Beer’s law, volatile contents can be determined by dividing the product of molar
mass (M) of either CO2 (44.01 g mol
−1 ) or H2O (18.02 g mol−1) and the absorbance
as the peak height or integral after subtraction of the background (A) by the product
of thickness (d), density (ρ) and an empirical value, the extinction coefficient () [160].
c =
M ·A
d · ρ ·  (2.1)
This is the same for imaging analysis except that it has to be decided whether these
values can be assumed for a range of different measurements. Slight peak shifts and
different baseline levels can introduce systematic errors. At the same time measurements
should be kept as simple as possible to ensure that the results are reproducible. In
most cases, the absorption is measured as the peak height, which does not mean that
this method gives more reliable data. Especially at lower signal to noise ratios, the
placement of a baseline can be difficult. However, most literature only presents extinction
coefficients for peak height estimations. The baselines for the water-bands in the mid-IR
range are commonly linear.
2.6.1 Parameters for quantitative FTIR analyses
Thickness measurements are a major concern for thin samples as this can possibly in-
troduce large errors. The most common methods are:
• Measurement by interference fringes [190]: By counting the fringes that are pro-
duced by interference of the primary source of light and the light of internal re-
flections in the sample, the thickness can be accurately determined at a precision
of up to ±3 µm. The method is non-destructive and can sometimes be completed
in the same measurement with transmitted light. However, this can only be done
if the samples are well polished or when using the reflective mode with a gold
plate in order to ensure higher signal to noise ratios at the fringes. The number of
fringes is counted in the area between 2000–2700 cm−1 and the thickness can be
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determined with the following relationship:
d =
m
2n(ν1− ν2) (2.2)
where m is the number of waves in a selected wavenumber range, n is the refractive
index of the sample and ν1 and ν2 are the highest and lowest wave numbers over
the selected interval [190]. The biggest contribution to the error in the thickness
estimations by interference is caused by the estimation of the refractive index [113].
This method can be successfully used for glassy, well polished samples of about
5–250 µm thickness, however, precision is higher for measurements of samples
.100 µm [177](See Chapter 5).
• Micrometer or digital displacement gauges are probably the most common thick-
ness measurements, with a maximum accuracy of ±2-3 µm. The main issue is
that the pointy tip of the micrometer can break the sample. If the sample is very
porous, the tip can sink into the sample, damaging it and thus making the mea-
surement is impossible. The measurement is also not confined to a small spot and
not matching the position of the measurements. Nevertheless, for thick samples,
this is the most reliable and quickest method and should also be performed as a
reference measurement on samples that have already been measured with other
methods.
• Calibrated stages of microscopes can make very precise measurements of samples of
almost any thickness by measuring the vertical displacement between the focused
surfaces of the wafer. However, calibrations should be performed regularly to
eliminate drift.
Other parameters that are needed for quantitative analyses of volatile contents are den-
sities and extinction coefficients.
• Densities can be estimated for individual measurement points using published data
[83, 84, 116] or measured with Archimedes method for a bulk density. Densities
mostly depend on individual sample compositions and are especially drastic for
samples with large variations in water content. In these cases forward modeling
of densities is important. However, qualitative results are not influenced by the
assumption of constant densities and may be appropriate for low water contents
and small changes within the sample.
• Values for the extinction coefficient () exist for a range of compositions and it is
up to the reader to decide which one to choose (See Table 2.1). Since the review
article about volatile analysis in magma by Ihinger et al. [76], a broader range of
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chemistries have been covered by reference measurements with a variety of analyt-
ical methods. Estimating extinction coefficients from equilibrated volatile species
as reviewed by [33] should not be used for natural samples, as an equilibration of
species cannot be guaranteed and species equilibrium constants are only known for
certain ranges of temperatures [194]. We encourage the reader to either calibrate
for accurate values of  by employing other methods of analysis or to chose  by
the best fit of the composition of the sample.
Volatile	  Species OH H2O H2O OH	   OH H2O OH H2O H2O CO2 CO3
2-­‐ CO3
2-­‐
Wavenumber	  [cm-­‐1] 7100 7100 5200 4500 4000 4000 3550 3550 1630 2350 1500-­‐1700 1350-­‐1430
Stolper	  1982 21 0.21 1.76 0.98 0.95 0.95 67 67 basalt
Newman	  1986 0.32 0.184 1.61 1.73 1.14 1.07 100 56 55 rhyolite
± 0.008 0.012 0.05 0.02 2 4 2
Integrated 96 83 248 341 290 350 44000 26300 2640
± 24 25 1000 2200 200
Dixon	  1988 63 63 basalt
± 5 5
Dobson	  1989 0.26 88 rhyolite
± 0.01 2
Ihinger	  &	  Stolper	  1994 1.86 1.5 80 rhyolite
± 0.05 0.05 4
Dixon	  1995 0.62 0.67 25 basalt
0.07 0.03 3
Cocheo	  1994 0.56 0.58 basanite
± 0.04 0.02
Fine	  &	  Stolper	  1985 945 200 235 SiO2-­‐NaAlSiO2	  glasses
± 45 15 20
integrated 25200 24100 16800
± 1200 1900 1500
Fine	  and	  Stolper	  1985 375 375
± 20 20
Stolper	  et	  al.	  1987 199 235 albite
± 17 20
integrated 27300 16300
± 2300 1400
Thibault	  &	  Holloway	  1994 355 leucitite
Behrens	  2004 1214 rhyolite
± 78
Okumura	  2005 1.42 1.75 rhyolite
± 0.12 0.08
integrated 285 239
± 24 11
basalt;	  Ca-­‐Mg	  silicates	  
Only	  for	  CO2	  <0.8	  wt.	  %
Table 2.1: Overview of available extinction coefficients (), modified and updated from
Ihinger et al. [76]. Sources: Behrens et al. [12], Cocheo [34], Dixon et al. [45], Dobson
et al. [46, 46], Fine and Stolper [50], Ihinger et al. [76], Newman et al. [112], Okumura
[117], Stolper et al. [158], Stolper [160], Thibault and Holloway [165]
2.6.2 Measurement of maps and ways to display results
In samples that are heavily textured and show complicated water distribution patterns
care has to be taken to choose the measurement distribution. To ensure significance
of the data, spot measurements or even a profile of the volatile distribution is often
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not sufficient and the 2-dimensional distribution has to be measured. Hidden textures
or chemical heterogeneities can be identified by measuring the surrounding of the area
of interest (Fig. 2.2). This can either be done by using FPA detectors or by a grid
measurement on a motorized stage. However, contour maps of the distribution are
often misleading and imply a higher resolution than actually measured. A grid of spots,
however, is a simple way of showing the actual number of measurements while showing
enough of the photomicrograph of the sample (Fig. 2.5).
Figure 2.5: Two ways of showing the same data of the integration of the total water
band around a small bubble in volcanic glass. Showing spots instead of a 3D graphic
reveals that the sharp increases are in fact just artefacts inside the bubble rather than
increases of water around this particular bubble. Warm colors indicate high absorbtiv-
ities of of total water. The bubble measures ≈30 µm in diameter.
2.7 Conclusions
FTIR is a potent method for analyzing volatiles in volcanic rocks. New possibilities of
increased spatial resolution and faster processing of arrays of data present the opportu-
nity for maps of volatile concentrations at a spatial resolution that is close to the limit of
diffraction. However, sample preparation and the choice of measurement parameters are
still in the hands of the operator. In order to encourage the community of geosciences
to use modern techniques in FTIR, we present advice for sample preparation, measure-
ment and data analysis for new techniques such as synchrotron sourced FTIR and FPA
detectors in FTIR.
Preamble
The preceeding chapter outlined the most up to date techniques for analyzing
microscopic changes in water content and mapping these changes in a mean-
ingful way. Maps and gradients produced by these techniques allow inferences
to be made about the formation of volcanic textures which are crucial to un-
derstanding why volcanoes erupt. The formation of bubbles marks the onset
of volcanic eruptions. Water gradients around bubbles can be used to deduce
the timescales of magmatic processes such as magma ascent, eruption and
emplacement of individual samples. Better constraints on these processes is
essential for monitoring and evaluating the past and current eruptive pat-
terns of a volcano, i.e. whether periods of magma stagnation, dome growth,
or sub-surface degassing existed or whether magma was erupted during ini-
tial ascent and exsolution of volatiles. While the growth of bubbles due to
depressurization accounts for most of the volume increase, important infor-
mation about the thermal and temporal history of individual bubbles may be
reconstructed by modelling diffusion profiles around bubbles. In this chapter,
I present water distribution patterns around bubbles in experimental samples
of foaming magma. I discuss possible scenarios for the formation of clearly
and qualitatively distinguishable patterns of water heterogeneities for a uni-
versal classification of ascent and cooling processes. This chapter is going
to be submitted to the Journal ”Earth and Planetary Science Letters” to be
considered for publication.
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Chapter 3
Water diffusion during bubble
growth in magma
Water diffuses into and out of bubbles in magma controlling the eruption
style of a volcano. Evidence of this is recorded in water concentration pro-
files frozen around vesicles in volcanic glass. Previous to this study, these
diffusion-driven profiles were analyzed in natural samples; however, they have
never been systematically experimentally characterized. Here, we present the
first high-resolution water distribution analyses during experimental bubble
growth and cooling. At isobaric bubble growth conditions, we produce nega-
tive, positive and flat water gradients in glass towards vesicle walls. We heat
cores of bubble-free rhyolite with ≈0.13 wt.% H2O to 950 ◦C under isobaric
conditions. These samples foam to produce an initial volume increase of up
to 450% followed by a loss of ≈10% of the maximum volume. During bubble
growth, negative gradients of water content form towards bubble surfaces
until bubbles sizes maximize and water homogenizes. Upon cooling, water
increases towards bubble surfaces related to resorption and the retrograde
solubility of water in melt. Our experimental results can be used to imply
distinct stages of bubble growth during magma stagnation, either on the
conduit wall, in a lava dome or as an erupted pyroclast.
3.1 Introduction
Bubble growth forces magma to rise in volcanic conduits, produces overpressure within
the conduit and leads to fragmentation of the melt during explosive eruptions. The foam-
ing magma rises [147] and is fragmented in explosive eruptions [151]. Explosive eruptions
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often evolve into effusive eruptions and vice versa; producing slowly cooling lava domes
[e.g. 121, 186]. Numerous studies associate changes in porosity and permeability with
the transition of explosive to effusive eruption styles [e.g. 75, 81, 185]. Degassing of
magmatic foams during collapse is primarily controlled by gas release through a per-
meable network after bubble coalescence [17, 81] and shearing [19, 118]. This suggests
an open system degassing of highly vesicular magma, supported by hydrogen isotopic
records [1]. The reduced permeability of conduits plugged by volcanic domes can lead
to large explosive eruptions or the dome itself can collapse producing block and ash
flows [e.g. 35]. The timescales and microscopic texture changes during these phases of
eruptions, however, are poorly constrained. Timescales of foaming, ascent, fragmen-
tation and emplacement can be as short as 4h [25]. But at the same time, recycling
of material in eruptive pulses [180], and secondary heating and/or hydration [18, 177]
(Chapter: 5), can affect these timescales. Textural observations, zoning profiles in crys-
tals, and phase equilibria experiments have been used successfully to constrain spatial
and temporal proxies of volcanic rocks [e.g. 18, 28, 32, 177]. Within the short timescales
of some eruptive processes, a linear depressurization and cooling history proves to be
inappropriate.
3.1.1 Bubble growth
Bubble formation and growth can be divided into different phases during magma ascent.
When oversaturation of a volatile species is reached bubbles nucleate heterogeneously
and preferentially on existing surfaces, such as microlites [74], or homogenously at higher
levels of supersaturation [e.g. 98, 107]. The growth of the bubble is controlled by (1)
diffusion of water into the bubble [e.g. 126, 147] and (2) inflation due to depressurization
[95, 125, 166, 170]. Several studies describe or model the volume change of bubbles in
magma at different conditions: isobaric [70, 126], during decompression [56, 95, 125, 166,
170] and under re-pressurization [180, 185]. Studies have attempted to reproduce bubble
growth in experiments [e.g. 7–10, 14, 56, 61, 86, 95, 97, 170, 193]. Heterogeneous and
homogeneous bubble nucleation, and bubble growth in closed and open environments at
various decompression rates and temperatures are explored [56, 92, 95, 111]. Most of
these studies concentrate on determining valid forward models for bubble growth during
decompression. After nucleation, the internal pressure in the small bubbles needs to be
high to resist the high surface tension of the melt [6, 98], keeping growth rates low. As the
surface/volume ratio increases with bubble growth, the relative effect of surface tension
is reduced, and bubbles grow more rapidly with more surface area becoming available
for diffusion. Proussevitch et al. [126] model a drastic increase in the bubble growth rate
at this point, and an accompanying steep negative gradient of H2O toward the bubble
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surface. A measurable depletion of water in melt surrounding bubbles has been shown
in natural samples [28]. Proussevitch et al. [126] also predict that the length-scale of
the decrease in water will increase until it interacts with the decreased water contents of
surrounding bubbles. The overall water content equilibrates to the respective solubility
at given pressures and temperatures over timescales proportional to the melt viscosity,
and the magnitude of the gradient produced [126].
3.1.2 Bubble resorption
Gardner et al. [56] show that successive re-pressurization would allow for bubble re-
sorption, eventually obliterating textural evidence of the bubbles. Increases and de-
creases in water contents are also shown in depressurization experiments of CO2- and
H2O-bearing bubbles [193]. However, the resorption of water is attributed to effects of
solubility changes during re-equilibration with the CO2-rich atmosphere in these exper-
iments. McIntosh et al. [101] shows that even fast quenching can produce resorption
rims in isobaric experiments. The study of Watkins et al. [180] shows increases of
water toward bubbles in pyroclastic obsidian, interpreted to be the result of pressure
changes in the melt. Cyclic pressure changes were confirmed by the occurrence of haloes
of small vesicles around large vesicles and the heterogeneous CO2 distribution indi-
cated disequilibrium conditions at greater depth and high temperatures. The obsidian
chips of Watkins et al. [180] are described as a rare case of preservation of evidence
for degassing because the low permeability of the obsidian chips protected them from
secondary hydration with meteoric water. Most natural pyroclasts from explosive erup-
tions are highly permeable pumices with thin bubble walls that are notoriously hard
to prepare for water analysis and easily affected by post eruption secondary hydration
by rainwater [52–54, 164, 177](Chapter 5) To fully understand the mechanisms of foam
collapse, it is nevertheless important to have an idea of temperature changes in volcanic
rocks and the resulting degassing timescales. Isothermal bubble growth during depres-
surization, however, does not account for many situations in volcanic eruptions. Magma
remains for extended periods of time in the Earth’s crust stationary and hot. During
such times bubble growth that occurs at high temperatures and isobaric conditions is
diffusion-controlled. Isobaric conditions also prevail in volcanic domes. Here, ripening
and strain of the vesicular magma as well as ongoing bubble growth were presented as
the main process controlling increases in permeability and thus open degassing [28, 51].
But at the same time, temperatures are not constant and volumes of individual rocks
are finite. If there is no change in pressure and the pores are sealed, diffusion is the only
way of collapsing the vesicles in these magmas. Sealing of individual pieces of vesicular
lava can happen during fast quenching in air (such as breadcrust bombs [189]) or in
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water [132]. Volcanic domes show highest permeabilities along fractures in the magma
itself [136] and the surrounding conduit walls [135], which indicates that the foams in
magma are often spatially constrained to single blocks surrounded by hot atmosphere.
Isobaric conditions prevail at any stage of volcanic eruptions, however, the growth and
collapse of bubbles within the magma that are purely controlled by diffusion, are poorly
understood. Water measurements in vesicular rocks proved to be difficult with conven-
tional FTIR techniques, however, synchrotron sourced FTIR allows for measurements
at high spatial resolution and signal to noise ratios. This opens new possibilities for
the investigation of bubble growth and collapse by water diffusion, which is essential to
understanding volcanic eruptions.
Here we synthetically grow and collapse bubbles in isobaric conditions and measure the
resultant water distributions in natural rhyolitic glass to create a tool to identify bubble
growth and collapse mechanisms in volcanic rocks.
3.2 Methods
Glassy (<5 vol. % crystals), peraluminous rhyolite samples were collected from a road
cutting exposure of the surface of Ben Lomond Dome, New Zealand [154]. A macroscop-
ically homogenous hand-sample of pristine glass was cut into cylindrical cores of around
9.6 cm length and 1-2 cm diameter. Of each of these cylinders, a thin slice was kept to
determine initial water concentrations. The samples were heated to 950 ◦C within 45-50
min, held at constant temperature for 2-24 h and cooled either to room temperature or
to 850 ◦C where they were kept for the same amount of time (e.g. 12 h each and 24 h in
total; Fig. 3.1). The samples were then quenched within about 20-30 min below 700 ◦C
by shutting off the furnace. There were no visible changes of the volume during heating
and cooling. Timescales were chosen to be in the minimum range of cooling rates of
volcanic rocks [30, 49, 64].
Volumetric changes were recorded visually through a window into the furnace, and
temperature at the sample was monitored with a thermocouple. The volume change
was tracked by measuring the area of the profiles of the cylindrical cores. Gray-scale
thresholds for the visual tracking had to be corrected for contrast changes at temperature
changes. The measured area may include areas of the top of cylinders and shadows and,
therefore, these data are slight overestimations. Because the initial samples did not
show any porosity, any increase in volume represents the overall porosity. An equal
growth factor for length and width of the cores was assumed to be able to estimate
the volumetric changes. The volume change and the preservation of the aspect ratio
could be confirmed by measuring dimensions of the cylindrical cores before and after
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the experiments. Porosity estimates were confirmed by Helium pycnometry [82] on a
sample of the same suite of rocks after heating to 950 ◦C. The initial samples and the
foamed samples were cut into wafers of 130–180 µm and doubly polished. The water
concentrations were measured at the IR microspectroscopy beam line of the Australian
Synchrotron, using Fourier transform infrared spectroscopy (FTIR) with a step size
of 3 µm and an aperture of 5 µm by 5 µm. Overview maps of water distributions
were collected offline, using a focal plane array (FPA) detector at a pixel resolution
of 2.7 µm. Despite similar spatial resolution of measurement points, signal to noise
ratios were drastically higher for measurements using the globar light-source of the
offline setup. Even with high resolution, the first three measurement points closest to
textural features such as bubbles were rejected to ensure defect-free glass. The error in
concentration depends largely on the thickness measured by micrometer, which is rated
at ±2 µm; however, we conservatively estimate the error to be within ±2.5% considering
slight wedging of some of the wafers. Each area was also visually checked for bubbles and
heterogeneity by moving the focus through the thickness of the wafer. Observations in
low-resolution maps were checked with high-resolution online measurements. Total water
contents were quantified using the band of fundamental OH stretching at a wavenumber
of 3576 cm−1 [160]. The absorbance was taken as the height of the peak above a linear
baseline. A density of 2350 kg/m3 [154] and a molar absorption coefficient of 88 l/mol·cm
[46] were used as representative of rhyolite.
3.3 Results
The samples show slight flow banding of microlites in thin section. All samples show
similar volumetric changes during heating. Volume changes for isothermal and bithermal
experiments are shown in Fig. 3.1.
After a short period of initial heating (40–45 min) foaming occurs at increasing rates
of up to 1% of the maximum volume per minute. The peak in growth is reached after
about 200–300 min., after which the growth slows down until the maximum volume
is reached (Fig. 3.1). At this point, the volume more than doubled. This foaming
can occur heterogeneously, forming bulges during initial stages of growth (Fig.3.2a(i)).
After the growth phase, the volume of the samples slowly decreases by up to 10% of
the maximum volume at a constant rate, and small dimples form at the surface of the
samples (Fig. 3.2: B(i) and C(i)). The decrease in volume after the initial growth is not
significantly higher for samples that had a cooler temperature step (See Fig. 3.1).
Maximum vesicle sizes are ≈1 mm in diameter, and minimum vesicle sizes are on the
order of 5 µm. Signs for bubble coalescence such as thinned inter-vesicle walls and
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Figure 3.1: The porosity of two samples of Ben Lomond obsidian during heating for
24 h at 950 ◦C and 12 h at 950 ◦C followed by 12 h at 850 ◦C. Porosities are estimated
by visual tracking of the profile area. The temperature was recorded at the base of the
samples.
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Figure 3.2: Experimentally foamed samples and their water distribution patterns
around vesicles; Top row (A): Sample after 3 h at 950 ◦C, Middle row (B): Sample
after 24 h at 950 ◦C; bottom row (C): Sample after 12h at 950 ◦C and 12h at 850 ◦C;
Left column (i): samples at the end of each experiments, white boxes show initial
dimensions; Middle column (ii): overview photomicrograph of each sample area; Right
column (iii): overview of water distribution in each area, bottom map (C (iii) shows
offline measurement to give a better overview, online data can be seen on Fig. 3.4.
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vesicle collisions can be observed in samples that were heated for 24 h but in general,
vesicles are round and show no contact to other vesicles. Within the samples, bands of
higher vesicle number density and larger vesicles can be observed in some of the samples.
These bands of higher porosity are parallel to the direction of microscopic flow banding.
Overall volumes change by about 50% after 3 h to about 78% after 24 h at 950 ◦C (See
Fig. 3.1). These volumetric changes are equivalent to the overall porosity, as starting
porosity was zero. Pycnometric measurements of samples that were foamed for 24 h
at 950 ◦C show a similar total porosity at ≈70% of which ≈62% is closed porosity.
The samples do not show any significant difference in their volumetric changes when a
second, cooler temperature step is added. All samples show a 50–80 µm skin of bubble
free glass on the outer surface of the sample independent of their cooling temperatures
(See Fig. 3.3). Based on their thermal history and the resulted foaming, the experiments
are divided into three groups:
A Samples heated to 950 ◦C for periods during which the maximum volume was not
reached (t<5 h)
B Samples held at 950 ◦C for long timescales at which the samples had fully foamed.
(t≈24 h)
C Samples that were cooled to 850 ◦C after being heated to 950 ◦C and reaching max-
imum volume.
The water contents of the samples were measured using synchrotron source FTIR for
detailed maps and conventional FTIR with an FPA detector for lower resolution overview
maps. Initial water contents of the samples are consistent with previous studies on rocks
from the same outcrop by [154, 156] at an average of 0.16 wt. % ± 0.2 wt. %. These
initial water contents vary slightly across flow bands, which appear as slightly darker,
parallel lines of usually a few micrometers to a few hundreds of micrometers. The
average water contents of the heat-treated samples range from 0.045–0.14 wt.%. A total
of 46 FTIR measurements were collected around bubbles and across rims (see 3.1). The
glassy, bubble free rims (See Fig. 3.3) around all samples show a water decrease towards
the surface of the sample down to 0.045 wt.%, which represents the minimum water
contents measured in the samples.
Samples of group A (heated to 950 ◦C for 2-3 h) show mostly decreases of water towards
the bubbles (e.g. sample BL 3-3 in Fig. 3.4). These gradients occur over typical
lengthscales of 50-100 µm. Samples of group B (heated to 950 ◦C for 24 h) show mostly
homogeneous water distributions around vesicles (e.g. sample BL 3-5 in Fig. 3.4).
Increases can also be found in some samples with just one temperature step, however,
Chapter 3. Water diffusion during bubble growth in magma 37
Sample map time 
gradient 
toward bubble 
+/-
size (diameter 
longest axis in 
µm)
synchrotron 
source
BL 2-2 3 2h -1 275
BL 2-2 3 2h -1 80
BL 2-2 4 2h 0 115
BL 2-2 1 2h 1 x
BL 2-2 3 2h 0 x
BL 2-4 1 2.5h 0 x
BL 2-4 2 2.5h 0 x
BL 2-4 3 2.5h -1 x
BL 2-4 4 2.5h -1 x
BL 2-4 5 2.5h -1 50 x
BL 2-4 5 2.5h -1 x
BL 2-4 1 2.5h rim -1
BL 2-4 2 2.5h 0
BL 2-4 3 2.5h 0 100
BL 2-6 1 15h rim -1
BL 3-3 1 3h -1 100
BL 3-3 2 3h 0 100
BL 3-3 3 3h -1 1000
BL 3-3 4 3h -1 100
BL 3-3 4 3h -1 70
BL 3-3 2 3h -1 450 x
BL 3-3 3 3h -1 450 x
BL 3-3 4 3h -1 450 x
BL 3-3 5 3h -1 55 x
BL 3-3 7 3h 0 x
BL 3-5 1 24h -1
BL 3-5 2 24h 0 650
BL 3-5 3 24h rim
BL 3-5 3 24h rim
BL 3-5 4 24h 0 900
BL 3-5 5 24h rim
BL 3-5 5 24h 0
BL 3-5 6 24h 0 1000
BL 3-5 6 24h rim
BL 3-5 1 24h 0 1200 x
BL 3-5 2 24h 0 1200 x
BL 3-5 3 24h 0 120 x
BL 3-5 5 24h 0 15 x
BL 3-5 6 24h 0 1700 x
BL 3-5 4 24h 0 100 x
BL 3-5 7 24h 0 55 x
BL 6-1 1 2h/2h -1 110
BL 6-1 1 2h/2h 1 80
BL 6-1 2 2h/2h 0 140
BL 6-1 2 2h/2h 0 120
BL 6-1 2 2h/2h 0 500
BL 6-1 2 2h/2h -1 250
BL 6-1 2 2h/2h -1 350
BL 6-1 1 2h/2h 1 80 x
BL 6-1 3 2h/2h 0 550 x
BL 6-1 4 2h/2h 0 100 x
BL 3-2-2 1 4h/4h -1 1000 x
BL 3-2-2 1 4h/4h -1 500 x
BL 3-2-2 2 4h/4h 1 300 x
BL 4-2 1 12h/12h ??
BL 4-2 2 12h/12h 0
BL 4-2 2 12h/12h 1 350 x
BL 4-2 3 12h/12h 0 800 x
BL 4-2 1 12h/12h rim x
Table 3.1: All measured samples and a qualitative description of the water distribution
patterns around bubbles: 1: increase towards bubble, -1: decrease towards bubble, 0: no
gradient or no conclusive gradient; times refers to time at 950 ◦C or at 950 ◦C/850 ◦C.
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a b c
1mm 1mm
Figure 3.3: Fotomicrographs of (a): Sample after 24 h at 950 ◦C (same as Fig.
3.2,B(i)) (b) and (c): Sample after 12h at 950 ◦C and 12 h at 850 ◦C (same as Fig.
3.2,C(i))
only in shorter lengthscales of .10 µm which is at the limit of the spatial resolution
and could be related to analytical artifacts or to quenching effects. Samples that were
cooled to a second temperature step at 850 ◦C often show increases of water by up to
≈0.015 wt. % around vesicles at shorter length-scales of usually below 50 µm with mean
length-scales around 20 µm (e.g. sample BL 4-2 in Fig. 3.4).
Figure 3.4: Water concentrations around vesicles after different thermal treatment.
Refer to the text for detailed description.
3.4 Discussion
Our experiments provide insights into the processes of water diffusion during isobaric
bubble growth, equilibration, and cooling. Water distribution profiles around bubbles
vary depending on the thermal history during foaming. Samples contain 0.045-0.14 wt.
% H2O, which means that they are oversaturated at 950
◦C and atmospheric conditions.
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As a result, bubbles nucleate, water exsolves, then water diffuses into the growing bubble
[126, etc.]. A range of different bubble sizes exist (Fig. 3.2A (ii); B(ii); and C(ii)) in each
sample from all three different experiments which indicates that nucleation continues
during the initial bubble growth stage [170]. The collapse of the samples by about 5% of
their maximum volumes can be explained by degassing of the outer rims such as seen in
experiments by Yoshimura and Nakamura [192]. They interpreted this as diffusional loss
of water before bubbles could form. A dimply surface suggests a bursting of bubbles,
leaving behind small indents and a degassed skin. However, a negative gradient of
water (Fig. 3.3) towards the outside of the sample indicates additional diffusion. We
assume that the minimum solubility of the samples at the experimental temperatures is
represented by the water contents at the surface of the sample. These are as low as 0.045
wt.%, which is significantly lower than the average water content of the initial samples.
It is also significantly lower than the minimum water content measured at the margins
of bubbles in the inside of the sample (Fig. 3.2)
Without the possibility of losing volatiles through a permeable network of bubbles, gas
flux is limited to the diffusion through the bubble-free rim, which prohibits equilibration
within the timescales of the experiments. This impermeable skin prevents the interior of
the sample from outgassing. After long timescales of foaming (24 h), the water contents
equilibrate within the inside of the sample, however, at a higher level than the outside of
the sample. This could be due to the increased pressures inside the samples, produced
by limited expansion during bubble growth under the constraint of the outer rim of
higher viscosity.
The decrease of water around bubbles from short (i.e. 2-3 h) single temperature step
experiments shows a gradient typical for diffusion of water into the bubble. To demon-
strate this we modeled the water distribution successfully by fixing concentrations at
the bubble wall and the inside of the melt [177, 196]. Varying model parameters allowed
us to match measured gradients with calculated timescales (see Fig. 3.4). These nu-
merically derived timescales are close to actual experimental timescales validating the
appropriateness of these models. However, the timescales are consistently shorter than
the duration of the experiments (Fig. 3.4). This is expected, as it is unlikely that every
bubble nucleated at the start of the experiment. Therefore, the timescale for the growth
of an individual bubble is likely to be less than the timescale for the whole experiment.
Unfortunately, the growth of individual bubbles could not be tracked, and neither onset
nor terminus of growth can be estimated except by tracking of water diffusion.
As soon as bubble growth starts, heterogeneity in water concentration is created and
water is moved following the diffusion-controlled growth of this bubble. This initial
step of growth is purely dependent on the diffusion rate. Most negative gradients were
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observed towards bubbles in samples that were heated for only a few hours, which
represents the stage of fast growth. The overall decrease of water around vesicular areas
in natural volcanic rocks was measured by Castro et al. [28], who determined rates of
volatile loss between 2 x 10−4 to 3 x 10−3 wt.% h−1. These dehydration rates from
decompression are similar to the dehydration caused by heating in this study. The
presented results can, therefore, also be seen as an analog to isothermal decompression
of volcanic rocks.
The majority of vesicles in samples that were heated for 24 h do not show significant
water gradients. However, they do show reduced water contents compared to the three
hour experiments. We compared vesicles of equal size, and the overall water contents
were consistent around the vesicles. Within the sample overall water contents varied
and water gradients showed a decrease toward the outside of the sample. We propose
that the bubbles within these samples equilibrated to a pressure associated to the pres-
surized interior of the foamed sample and that diffusion continued towards the outer
rim of the sample. In this closed system, a new equilibrium pressure is reached and
gradients towards bubble walls are lost, however, diffusion toward the sample surface
and atmospheric pressure continues.
The samples that were cooled by 100 ◦C still allowed reasonable fast diffusion. In these
samples increases in water content were common around vesicles. We interpret this as a
result of increasing water solubility in the melt [71, 191]. The increasing solubility allows
water to diffuse from the bubble back into the melt, driven by the lower temperature,
and decreases the pressure within the bubble. This decrease in bubble pressure is not
manifested by a large shrinkage in bubble volume, although some increased shrinkage
was apparent (Fig. 3.1). The gradients we observe are steep and short, indicating short
timescales of diffusion. The length of these gradients is similar for different bubble sizes
and timescales of the experiments. Therefore, we cannot exclude the possibility of the
increases being a quench process at lower temperatures.
The formation and collapse of bubbles generates diffusion gradients that redistribute
water in the melt. Water diffuses into growing bubbles and produces negative gradients
until bubbles have grown to equilibrium size proportional to their internal pressure.
When these bubbles are cooled in an additional temperature step, water resorbs back
into the melt due to a retrograde solubility of water.
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3.5 Implications
The growth of bubbles in a static finite volume of magma is accompanied by bubble
collapse on the surface of the melt. This leads to the formation of a water-depleted,
impermeable skin that effectively limits further degassing of the magmatic foam. Ex-
plosive volcanic eruptions are often followed by effusive phases, during which volcanic
conduits may be sealed with less permeable plugs of magma [42, 77]. However, the
growth of domes is usually accompanied by structural failure of parts of these plugs
[89]. Permeability of these plugs seems to be localized to structural weaknesses [136].
This contradicts the perception of a homogeneous and continuously degassing perme-
able foam. The temporary formation of thin, impermeable skins could lower the overall
permeability of even highly vesicular foams drastically [79]. This would allow brittle
failure on small scales to be crucial in controlling larger scale permeability [32]. For ex-
ample, when the skin is removed of our sample, connected porosity increases drastically
and the sample would collapse completely when heated well above T g. We show that
negative gradients of water concentrations develop around growing bubbles at experi-
mental timescales of 3 h. All our experiments were conducted at isobaric conditions and,
they were driven by a water supersaturation. Therefore, we propose that some of our
results can be discussed with relevance to the diffusion into bubbles during ascent. We
acknowledge that during ascent, depressurization may lead to further bubble expansion.
Additionally, internal shearing within the ascending magma could increase permeability
[118] and disrupt degassing skins.
We envisage several scenarios where magma/lava stagnates, re-equilibrating with new
isobaric conditions (Fig. 3.5): (a) In a magma chamber, (b) in a conduit following
an eruption(s) (c) in a lava flow or dome, or (d) as a pyroclast post eruption. In all
these instances diffusion-controlled growth continues and volatile gradients are modified
before a new equilibrium is reached. This new equilibrium can be affected by pressure
fluctuations, CO2 fluxing, or temperature variations [180]. Future studies of water dis-
tribution around bubbles can use this study to assist with their interpretations of the
complex history of bubble formation during magma ascent. For the possible different
patterns of water distribution (Fig. 3.5, (i)) around bubbles we present three possible
scenarios (Fig. 3.5, (ii)):
1. Water depletion around vesicles: Water diffused towards the bubble in response to
a diffusion gradient associated with a growing bubble (Fig. 3.5 a and b). Therefore,
in the case of an explosive eruption one of the most likely causes for this hydration
pattern was bubble growth followed by fast quenching (e.g. tephra being ejected
after fragmentation of a bubbly magma(Fig. 3.5 b(ii))).
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Figure 3.5: Possible water distribution patterns around bubbles and their eruptive
products. : Left column: Possible water gradients found around vesicles in rhyolitic
rocks at different timescales of growth, vesicle sizes should be seen as relative sizes of
one individual vesicle. Right column: Possible scenarios and places within a volcano
where these parameters apply. Refer to the text for detailed description.
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2. Homogeneous water distribution around bubbles (Fig. 3.5 c): Bubbles have been
quenched from equilibrium of volatile concentration in melt vs. bubble. Possible
reasons for this could be:
• Quenching of foamed melts that remained at magmatic temperatures at the
surface for long timescales (≈15–20 h in our experiments) and did not expe-
rience plolonged periods at lower temperatures during cooling. This could be
in the crust of a lava flow, dome or a large pyroclast (Fig. 3.5 c(ii)).
• Depressurization and eruption of a stalled magma that occurs sufficiently
rapidly to quench this equilibrated magma. An example of this could be the
eruption of co-magmatic conduit wall material in a plinian eruption (Fig. 3.5
c(ii)).
3. Increasing water concentration in glass around bubbles (Fig. 3.5 d): Bubbles
were either re-pressurized (as described by Watkins et al. [180]) or cooled step-
wise, allowing retrograde solubility. Stepwise cooling can either occur when the
ascent, eruption, or emplacement of the magma partially or completely stagnates
or cooling is slight, such as during dome growth- and collapse or embedding of
pyroclastic products (Fig. 3.5 d(ii)). In this scenario the resorption of isolated
bubbles in a melt eventually leads to textural obliteration and the densification
of a melt/magmatic suspension. The process we describe induces modest resorp-
tion but with the application of pure shear stress and over longer timescales this
may be a contributing process to the formation of surficial low-porosity, water-rich
obsidian [e.g. 119].
3.6 Conclusion
We show that in hydrous, rhyolitic melts bubbles grow for several hours at moderate
heating rates above the glass transition. During this time, water diffuses into nucleating
and growing bubbles, which can be detected as negative gradients of water concentration
towards bubble rims. After this initial stage of bubble growth, bulk volume decreases as
bubbles burst on the surface and form a sealing skin. Water concentration homogenizes
until equilibrium after 24 h at constant pressure and temperature. During cooling and
re-equilibration at a lower temperature, water may be resorbed into the melt surrounding
the bubble.
Preamble
In Chapter 3, I showed that water profiles around bubbles grown in the lab-
oratory reveal details of the timescale and equilibrium status of the growing
and collapsing bubble. In Chapter 4, I apply this approach to naturally grown
and collapsed bubbles in effusive lavas and pyroclasts to reveal the behavior of
water during flow band formation. After an initial explosive phase, most vol-
canic eruptions change into more effusive eruptions styles. During effusive
eruptions at intermediate and high-silica volcanoes, domes and short, glassy
flows are produced. The affected material is less porous and permeable, which
can lead to the formation of plugs that can build up pressure within the vol-
cano. In contrast to foamy magma responsible for explosive eruptions, the
rocks of volcanic domes, plugs and flows can be dense and flow banded. How-
ever, the behavior of water during bubble collapse, and flow band formation
remains poorly understood. Flow bands are parallel or sub-parallel hetero-
geneities in crystal or bubble number densities that range from micrometer
to meter scale. We propose that flow band formation is intricately linked with
bubble collapse. The same tools of volatile analysis as described in Chapter 2
allow for detailed cross-sections of water distribution across flow bands. In
this chapter, I use examples of water heterogeneities across flow bands and
bubbles in cooling rocks, to assess the association of flow band formation with
bubble collapse and lava cooling.
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Chapter 4
Flow band formation in vesicular
magma
4.1 Abstract
Flow bands in volcanic rocks are an important proxy of flow directions and
rheological properties of magma during emplacement. Flow bands are local
changes in color, crystal content and/or bubble number density that are usu-
ally parallel to the direction of shearing. Water heterogeneities in rhyolite
lava flows are spatially associated with flow banding. However, the nature
of the mechanisms that leads to the association of water distribution and
flow bands is not fully understood. We present preliminary data of water
distributions across vesicles and flow bands in New Zealand rhyolitic vol-
canic rocks from Ben Lomond, Ngongotaha and Mayor Island. Glassy rocks
from Mayor Island show an increase of water around vesicles and water het-
erogeneities associated with bubble collapse textures. A sample from Ben
Lomond, shows local increases of water across subtle flow banding without
obvious associations to specific textural features such as bubbles or crystals.
In addition, we show water heterogeneities across flow bands of microlites in
a sample from Ngongotaha dome, which are parallel to the alignment of the
crystals. Increasing water contents across flow bands could be interpreted
as water heterogeneities from water resorption during bubble collapse. We
suggest that, following outgassing through a permeable network of bubbles,
a strained magma can ultimately lose its entire vesicularity, through a final
stage of bubble resorption. This can be followed by crystal growth along
the direction of shear. We integrate our new findings to produce a unifying
model of flow band formation. We show that shearing of magma can produce
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local increases in water concentration linked to the collapse of bubbles and
crystals.
4.2 Introduction
Flow bands are parallel heterogeneities of bubbles and/or crystals along the direction
of strain in volcanic rocks [27]. This texture is common in rhyolitic lava and dykes [e.g.
5, 27, 62, 140, 141, 145, 152, 172, 174] and can be used as a proxy for flow direction
[5, 145] and shearing of lava [23, 26, 96, 134]. The formation of flow bands is suggested
to be a result of either laminated mingling of melts of different volatile contents [62, 140–
142], the fragmentation and rewelding of magma during ascent [174], or the collapse of
foams of a melt [19, 118]. An overview of common flow band textures is given in Fig.
4.1.
Flow bands may be visible due to variations in crystal content (Fig. 4.1 a), vesicle content
(Fig. 4.1 b), spherulite content (Fig. 4.1 c) or changes in color (Fig. 4.1 d). Increased
crystal number densities along flow bands (Fig. 4.1 a) form by mingling of two batches of
magma with different crystal- and/or water contents and/or bulk chemistry [141]. Vesicle
contents may vary between flow bands (Fig. 4.1 b) because of heterogeneous degassing.
Bubbles can coalesce and form a permeable network through which outgassing can drive
foam collapse [185]. Additionally, coalescence and permeability increases when the foam
is sheared [19, 118]. Flow banded lavas frequently show variation in bubble content with
evidence of bubble collapse and coalescence (Fig. 4.1).
Water resorption was detected around vesicles (Chapter 3, [180]) and in welded deposits
[149]. It is common that the spherulite content may be distinct between flow bands
(Fig. 4.1 c) [29, 140, 177], which has been associated with higher water contents [140].
Alternate grading in brown to black or gray colors (Fig. 4.1 d) is either formed by
heterogeneities in redox states of iron nanolites [30] or the abundance of microlites [142].
The formation of flow bands due to fracturing or fragmentation of rock could as well
cause changes in crystal content [62, 174].
A characteristic of flow-banded lava is a frequent and systematic variation in water
content (Fig. 4.2). Generally, the water content of magma is controlled by its solubil-
ity and varies according to pressure and, to a lesser extent, temperature, and volatile
and magma composition [194]. Pressure decreases during ascent and water exsolves
and forms bubbles. The water diffuses into the bubble, depleting the surrounding melt
([28, 125] and Chapter 3). Pressure can also increase prior to eruptions, which can enrich
the melt surrounding bubbles in water [180]. Ascent rates within the rising melt vary
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Figure 4.1: a: microlite flow bands in a sample from Ngongotaha dome (sample
Ng11-1c); These flow bands consist of sub-parallel microlites. A microphenocryst at
the bottom right corner slightly deflects the generally relatively straight boundary of
a flow band. b: Sample MICA from Mayor Island, New Zealand; This sample of
obsidian shows comparatively large vesicles that are well aligned. c: A sample from
Ngongotaha dome, containing bands of increased amounts of spherulites. d: Sample
from Ngongotaha dome containing red, thin bands. The red bands could be the result
of heterogeneous iron oxidation states similar to the Fe-redox redistribution observed
by Castro et al. [30] around spherulites.
largely across the conduit which produces shearing and locally varies pressure and water
heterogeneities [114, 180]. As the melt cools, water solubility of the melt/glass gener-
ally increases, which could drive water resorption around bubbles ([180, 191]Chapter
3). Similarly, a change in volatile composition (e.g. CO2/H2O) could also drive water
resorption [180]. A melt that crystallizes anhydrous crystals will also increase its water
content [29, 177].
Profiles of water around bubbles can preserve information about the growth [28](Chapter
3) as well as the collapse of bubbles in quenched glass [180](Chapter 3). The use of syn-
chrotron radiation for Fourier transform infrared spectroscopy (FTIR) makes it possible
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Figure 4.2: Water contents (in wt.%) across a flow banded sample in Castro et al.
[28].
to measure the distribution of water at a very high spatial resolution around textural
features. By measuring water across bubbles and flow bands, we assess the evolution
of flow band formation by bubble collapse. Crystal growth is known to redistribute
abundant water such as during the growth of spherulites [e.g. 29, 69, 177, 181]. The lay-
ering of crystal rich bands in microlite flow bands can show fractal mixing patterns [62],
and the orientation can be used to quantify strain within the lava [26]. Flow bands are
generally created during shearing. In this study, we discuss textures of both vesicle- and
microlite-rich flow bands, and present a conceptual model of flow band formation that
includes both these processes based on similarities in patterns of water heterogeneity.
4.3 Methodology
All samples were doubly polished to a thickness of 100-200 µm perpendicular to apparent
flow banding. Water was measured by FTIR at the Australian Synchrotron either using
synchrotron radiation on a Bruker Hyperion 2000 microscope or a Bruker Hyperion 3000
equipped with a 64x64 pixel Focal Plane Array (FPA) detector. Online measurements
were collected at a step-size of 3 µm and an aperture of 5x5 µm. The amount of total
water was estimated using the peak height of the band at 3576 cm−1, the absorption
coefficient by [46] and straight baselines over consistent spectral ranges for each measure-
ment. Direct measurements of hydroxyl concentrations were not possible due to their low
concentrations and baseline shifts due to high crystal contents of sample b, and d. Only
measurements of the total water (H2O + OH) are presented. By keeping the samples
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as thin as possible, the signal to noise ratios are high and scattering and absorption of
the beam by microlites and nanolites is kept to a minimum. Thicknesses of the samples
were measured with a micrometer and by measuring of interference fringes according
to Nichols and Wysoczanski [113], yielding similar results. Thickness variations due to
slightly wedged samples were assessed as negligible. Densities used to calculate concen-
trations were kept at a constant value of 2350 kg/m3 from the study of Stevenson et al.
[154]. Keeping parameters constant may introduce a slightly larger overall quantitative
error (5% of the total water contents), but qualitative measurements of small-scale
variations are not affected and can be compared throughout all samples. Particular care
was taken to avoid geometrical effects of the bubble margin in the sample A from MI
by neglecting all measurements within 10 µm of the bubble margin.
4.4 Results
4.4.1 Sample description
Glassy, rhyolitic samples from Mayor Island, Ben Lomond dome and Ngongotaha dome
in New Zealand were collected. The samples A and B from Mayor Island (MI) are both
pyroclasts from the Te Paritu Tephra (described in Houghton et al. [72]) (See Fig. 4.3
a and b). MI A shows slight breadcrusting and is foamed along flow bands (fig. 3a)
with maximum bubble sizes around 1 mm. Small bubbles down to 1 µm can be found
throughout the sample. The bubbles often are slightly elliptical but show no signs of
connectedness. The sample is almost crystal-free and contains <1% microlites. The
breadcrust surface of the sample only shows slight inflation and is glassy and does not
show open pores. The shape of the sample is angular but slightly bulged due to inflation.
MI B does not show any signs of foaming or breadcrusting and is not bulged. It shows
similarly low percentages of microlites, however, there is an abundance of submicroscopic
(<1 µm) crystals that appear as brown bands in photomicrographs (Fig. 4.3 b (i) and
(ii)). The bands are irregular and can end abruptly i.e. they usually do not taper out
(Fig. 4.3 b (iii)).
The Ben Lomond Dome samples (Fig. 4.3 c) are from an outcrop previously described
by [154] and were collected within 10 m of the surface of a lobe of the dome. While
there are areas of heavy perlitization, spherulitization and bands of foam as well as
wider bands of higher microlite number density, this sample was collected from an area
of pristine, glassy and bubble free obsidian within the top ten meters below the lobe
surface. Crystal sizes are in the micrometer range and considered microlites Sharp et al.
[142]. The overall crystallinity of the sample is <1%, and fits the description of the
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Figure 4.3: Overview of flow banded samples,their textures and water distribution
patterns; a(i) Sample A from Mayor Island with vesicular flow bands, (ii) showing
round isolated vesicles of varying sizes along linear bands, (iii). water increases can
be found in the glass surrounding the vesicles. b(i) Sample B from Mayor Islandshows
few bubbles and more irregular flow banding. b(ii) These flow bands are changes in
color, possibly associated to devitrification and submicroscopic crystals. The bands are
irregular and can end abruptly usually do not taper out b(iii).Water increases can be
found in the brighter colored parts that fill interstices within and between the darker
bands. c(i) A sample from Ben Lomond shows no obvious macroscopic flow banding
c(ii) Narrow lines of usually >1 µm mark parallel flow banding c(iii). A wide increase
of water could be detected in this sample. d(i) A glassy sample from Ngongotaha
dome shows flow banding of varying thicknesses in the microlite number density. d(ii)
Phenocrysts are rare (<5%) and not aligned with the microlites, which are sub-parallel
to the flow banding. d(iii) Water contents change parallel to the macroscopic flow
banding; however, the water heterogeneities only partially coincide with the margins of
the flow bands.
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sample BL6 of the study by Sharp et al. [142]. The few microlites in the sample show
parallel banding (Fig. 4.3 c (ii)). Ngongotaha dome consists of more and less glassy
lobes that all show heavy flow banding [5]. This particular sample (Fig. 4.3 d) shows
parallel, sharp increases in microlite number density. There are no vesicles present
and apart from little amounts of phenocrysts and spherulites (.5%), the microlites are
surrounded by pristine glass. Crystal number densities vary widely in each separate
band and individual microlites are well aligned (Fig. 4.3 d (ii) and (iii)).
4.4.2 Water analysis
Water distribution around bubbles and flow bands are shown in Fig. 4.3. The sample
MI A shows slight increases of total water from 0.5 wt.% to 0.6 wt.% in over 3050 µm
towards a ≈75 µm diameter bubble (Fig. 4.3 a (iii)). Water contents in the sample
MI-B(Fig. 4.3 b (iii)) increase in the brighter zones between darker fingers and bands.
This is especially apparent in the fingered end point where interstices of the darker melts
are filled with hydrated glass. Overall water contents of the sample are similar to those
of MI-A (Fig. 4.3 a (iii)) with 0.5–0.6 wt.%. Water in the almost bubble free glass of
BL (Fig. 4.3 c (iii)), shows very uniform distribution compared to the foamed sample
of MI. Sharp increases of water occur at the dark lines of microlites along flow banding.
The total water, shows a systematic and gradual increase of ≈0.02 wt.% across a flow
band. See Fig. 4.4
Figure 4.4: Water distribution across a flowband from Ben Lomond, NZ (Fig. 4.3 c
(iii)).
4.5 Discussion
The textures and water concentration gradients reveal intricate magmatic and volcanic
histories of the four samples. We propose that these four samples represent a continuum
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and that each sample was quenched at a distinct stage. We integrate these stages into
a model of flow band formation.
a b c d
Figure 4.5: a: Water depleted haloes indicate exsolution growth of bubbles in the
erupted/erupting foam of magma; b: shearing and rewelding during cooling and flow
isolates, repressurizes and distorts bubbles driving water resorption. c: bubbles are
entirely resorbed and water heterogeneities remain. d: crystals grow preferentially
in the parts of the melt with higher bulk water concentration and may additionally
redistribute that water into the melt. These crystals and water heterogeneities are
further aligned due to continued shearing during flow.
The textures of pyroclast a from MI (Fig. 4.3 a) show signs of a complex thermal history.
Flow banding indicates differential shear at temperatures above T g. After fragmentation
and emplacement bubbles continued to grow, and the quenched impermeable outer skin
fractured forming a breadcrust texture. The increase in total water at the margin of the
bubble indicates that either pressure increased [180], temperature decreased (Chapter 3,
[149]), or that the composition of the volatile of magma changed [193]. We can exclude
late hydration with meteoric water, as the sample was sealed by impermeable glass and
the vesicles are not connected.
We propose that the pyroclast remained oversaturated in certain flow bands after frag-
mentation and eruption and foamed along flow bands with high water contents producing
breadcrusting. Water then diffused back into the melt either due to the retrograde solu-
bility of water during cooling (ref Chapter 3) in the magma or due to increased pressures
in the vesicle due to hindered foaming after T g was crossed. This could therefore be
seen as an example of secondary resorption of bubbles in bubbly flow bands. Sample
MI - B (Fig. 4.3 b) shows discontinuous flow bands and typical textures of foam col-
lapse, comparable to fiamme in pyroclastic flow deposits [15, 102]. The water contents
are higher in the areas of pristine glass. This could either be caused by heterogeneous
exsolution or dissolution of water from the melt which is redistributed during flow and
bubble collapse/bubbles.
If we assume a transition from a permeable foam to an impermeable bubbly melt such as
in the case of MI-A, resorption and/or ripening with consecutive degassing are likely sce-
narios of formation of a non-vesicular, heterogeneously hydrated glass with the textures
observed in MI-B. (see Fig. 4.5). The BL sample shows no textural association between
domains of higher water contents, and phenocrysts, sub-solidus microlites or (Fig. 4.3
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c (iii)). Small spikes are associated with nanocrystals or xenoliths (Fig. 4.4); however,
these could be due to local artifacts caused by the crystals blocking the transmission of
infrared light. The bulge in water contents (Fig. 4.4) is not a sharp increase and the
lobes are close to symmetric, which excludes possible thickness effects of preparation
issues. This would create either a rounded overall bulge or a distinct bend in the data.
Crystals can be observed in the samples, and these distinct sharp outliers are easily
detected. The overall increase in total water could be due to heterogeneous degassing of
water. However, resorption is also necessary to remove the last small bubbles account for
the low porosity, as well as account for the elevated water contents. The equilibration
time of hydrated or dehydrated bubble walls is hours to a few days 3. Equilibration
across longer length scales of flow bands may require more time. The complete absence
of textural evidence for bubble collapse indicates that this sample continued flowing
after degassing, bubble isolation and regassing. Continued flow would allow mingling
and juxtaposition of contrasting degassed and regassed bands with sharp boundaries [63].
However, we propose water diffused across these sharp boundaries in water content to
produce the curve in Figure 4.4. The sample quenched before diffusion and equilibration
was complete.
The sample from Ngongotaha dome (Fig. 4.3 d (iii)) shows an increase in water concen-
tration across flow banding of defined by concentrations of microlites. Generally, water
heterogeneities are parallel to the bands of microlites; however, the locations do not
match exactly and there is an overlap (Fig. 3 d(iii)). Sharp et al. [142] concluded that
microlite-rich, grey bands with up to 8% crystallinity were associated to late devola-
tization in an obsidian flow before flow band formation. However, Castro [24] showed
that the processes leading to microlite-rich bands in obsidian are more complex and
that microlites are not a reliable indicator of the extent of degassing. For example, the
growth of sub-solidus microlites can preferentially occur in water rich flow bands [27].
The four samples presented in this study were chosen to represent a progression of events
of texture formation that are associated with shearing and redistribution of water. Based
on the textural observations and the water distributions, we suggest a conceptual model
of flow band formation in bubbly magma (Fig. 4.5):
a A coalesced sheared magmatic foam degases through permeable pathways [118]. This
depletes water around bubbles in permeable zones (Chapter 3) As these permeable
zones collapse and continue to shear, residual bubbles become isolated and concentrate
along shear planes.
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b Bubbles isolated from permeable networks along shear planes completely resorb into
the melt (Fig. 4.5 b and c). The remnant water heterogeneity from variably degassed
and regassed flow parallel roughly shear planes (Fig. 4.5 c).
c Continued flow stretches and juxtaposes heterogeneous bands of water content, de-
stroying textural evidence of bubble collapse (Fig. 4.5 c). Once shear upon a particular
plane stops, water diffuses across this plane smoothing the contrast in water content
(Fig. 4.5 c).
d The water-rich bands then act as zones of more rapid diffusion during sub-solidus
crystal growth and microlites preferentially grow in these zones (Fig. 4.5 d).
We suggest that for sheared isolated bubbles with a small volume/surface area, resorp-
tion could be an effective process of bubble collapse and water redistribution. Such a
mechanism produces significant bands of oversaturated melt, that could potentially re-
foam (Chapter 3). Our interpretation provides a model that allows bubble collapse and
degassing in the conduit via a permeable foam [152, 185]. The potential of large volumes
of oversaturated melt to remain in plugs and domes close to the surface also produces
an intriguing mechanism to generate explosive eruptions without requiring replenished
magma from depth.
4.6 Conclusion
We integrate our evidence of water resorption into a unifying model of flow band for-
mation of (a) heterogeneous water degassing and foam collapse, (b) bubble isolation
and rehydration, (c), continued flow, mingling and fractal band development and (d)
late stage crystallization and enrichment. Bubbles in slowly cooling environments show
signs of resorption due to the retrograde solubility of water in rhyolite. This can lead
to the formation of water concentration heterogeneities across flow bands. Crystals are
growing preferentially along these water heterogeneities. Therefore heterogeneous bub-
ble collapse due to shearing drives the formation of flow bands and the redistribution of
volatiles in magma. This has important implications for (1) the emplacement of lavas
and welding of pyroclastic flow, and (2) volatile redistribution during ascent and the
fragmentation and eruption of magma [e.g. 78].
Preamble
Chapter 4 explained how water is redistributed during growth and collapse
of bubbly magma and shear during flow. Chapter 5 is the logical progres-
sion of Chapter 3 as once lava comes to rest it continues to cool. During
cooling of volcanic flows, plugs and domes, flow band formation and bubble
growth is prohibited by high viscosities. The viscous melt cools to a brittle
solid and instead of flowing, the glass breaks under stress. Glass is unstable
and crystals grow as it devitrifies. These crystals may form spherulites —
radially growing spheres of crystals. Textures that formed during eruption
may be altered drastically by crystal growth and cracking after emplacement.
As cracks and crystals grow water is redistributed within the glass. I use
similar techniques to Chapter 2 and 3 to map water distributions around
textures. In this chapter, I discuss relations between crystals and cracks in
cooling rhyolitic magma. I confine timescales and temperatures of the for-
mation of cooling textures by correlating textural observations and maps of
water distribution with diffusion modeling. The textures and the hydration
discussed in this final chapter represent the final stage of texture formation
during volcanic eruptions before the melt has fully cooled.
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Figure 4.6: Overview of textures in Chapter 5
Chapter 5
Timescales of texture
development in a cooling lava
dome
Crystal growth and crack development in cooling lava domes are both ca-
pable of redistributing and mobilizing water. Cracking and hydration de-
crease the stability of a dome, which may lead to hazards including par-
tial dome collapse and block and ash flows. By examining the distribution
of water around crystals and cracks, we identify and confine temperature
and timescales of texture development in glassy rocks of volcanic domes.
Four generations of textures have been identified: type a: spherulites, type
b: cracks associated with spherulite growth, type c: perlitic cracks, and
type d: disparate cracks. High–resolution imaging using Fourier transform
infrared spectroscopy (FTIR) performed on samples from the Ngongotaha
dome, New Zealand, show an increase in H2O of up to 450 % along gradients
of around 100 µm up to 300 µm in length from perlitic cracks, spherulitic
cracks and in haloes around spherulites. No gradients in water concentra-
tions across the disparate cracks are present. Water diffusion models show
potential timescale-temperature couples that coincide with textural observa-
tions and previous studies, and allow us to develop a conceptual model of
spherulite growth and cracking in a cooling lava dome. Spherulite growth
starts around the glass transition temperature (T g) when the viscous melt
cools to a brittle solid and proceeds with cracking related to volume changes
at slightly lower temperatures and shorter timescales (days to weeks) com-
pared to spherulite growth. Perlitic cracking happens at T  T g, allowing
hydration of a permeable network within weeks to months. Low temperature
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(.50 ◦C) cracks could not be hydrated in the time since eruption ('230 ka).
Our data show that textures in cooling glass develop during cooling below
T g within days, producing cracks and crystals that create inhomogeneities
in the spatial distribution of water. The lengthscales of water diffusion away
from spherulites, spherulite cracks, and perlite cracks suggest that most of
the rehydration of melt/glass occurs at relatively high temperatures (>400
◦C). Lack of evidence for water diffusion around other cracks suggests minor
low-temperature meteoric water rehydration following emplacement.
5.1 Introduction
Crystallization and crack formation during lava dome cooling increases the likelihood
that a lava dome will fail [122]. Crystal formation and cracking of lava can be observed
at any volcanic outcrop; however, constraints of timescales and temperatures of these
alteration processes are incomplete. Understanding the behavior of cooling magma is
crucial for using volcanic textures as a proxy for volcanic processes and for estimating the
weakening of volcanic rocks. During cooling of a melt crystals grow and cracks form [36].
The formation of cracks decreases the stability and changes the permeability of volcanic
structures such as domes, spines and plugs [80, 109, 122]. The formation of anhydrous
crystals rehydrates surrounding glass/melt [e.g. 29, 57, 146, 163, 181], whereas cracks
shorten diffusion paths for degassing and act as channels for water to leave the rock [18].
Most studies focus on the degassing of melt [e.g. 18, 32, 63, 124, 163]. Fewer studies
discuss the re-hydration of magmatic melts, which can either be just a redistribution
of water or an actual increase of the bulk water content of the magma by hydration
with meteoric water [54]. Sources of water for redistribution into the melt fraction are
collapsing bubbles [e.g. 180, 193] and growing crystals [e.g. 148, 157, 164].
Around the glass transition temperature (T g), where a viscous melt cools to a brittle
glass, supercooled magma allows heterogeneous crystal growth on pre-existing mineral
phases [144, 161]. In silicate glasses, crystals tend to grow as branched needles to form
spherulites. Spherulites are fibrous, often radial aggregates of anhydrous, branched
crystals such as SiO2 phases and feldspars [102]. During spherulite formation, anhydrous
crystal growth enriches the surrounding glass in water, as the water is incompatible in
the anhydrous crystal phases [29, 30], resulting in a halo of increased water content
[29, 146]. The high volume of exsolved volatiles can lead to the formation of lithophysae
(i.e., inflated spherulites [102]) when exsolved volatiles form cavities in the center of the
spherulite [161]. Timescales of spherulite growth in rhyolites typically range from a few
tenths to hundredths of a millimeter per day at eruptive temperatures from 650 ◦C to
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850 ◦C [29] and become prohibitively slow at temperatures less than 400 ◦C [181]. Below
T g, no studies on the possible brittle response of the surrounding glass due to volume
changes during crystal growth and water exsolution have been presented.
At surface temperatures diffusion coefficients are too low to allow significant hydration
of large volumes of volcanic glass post–eruption. Volcanic glasses with very high wa-
ter contents of several wt.% are usually perlitic. Perlite is the network of hydrated,
arcuate cracks that form during cooling in volcanic glasses [38, 102]. Experiments by
Morse et al. [106] indicated that these cracks form due to the volume increase during
hydration. Tuffen and Castro [172] show that this may explain perlite development in
the products of subglacial eruptions. Another possible explanation for perlitic cracks is
thermal cracking during fast cooling, although this is thought to produce more aligned
cracks [36]. Depending on solubility and diffusion rates, interconnected cracks that de-
velop from perlites lead to dehydration or hydration of the cooling magma [100, 106].
Spherulites are frequently surrounded by cracks comparable to fracturing resulting from
growing bubbles [131]. This radial cracking and the resulting hydration of the surround-
ing glass have not been previously described in the literature. The dense network of
cracks lowers the stability of glassy domes considerably [88].
In order to understand the alteration of volcanic domes during cooling, a better compre-
hension of common textures in volcanic glass is needed. In this study, we estimate time
and temperature ranges of cooling textures by measuring water contents across common
textural features of volcanic glass such as spherulitic crystals and perlitic cracks. Fourier
transform infrared spectroscopy (FTIR) imaging is utilized to resolve the distribution
of dissolved water around a spherulite. High–resolution images of water distribution
identify and quantify the redistribution of water in a cooling glass and within a variety
of textural features that occur during cooling of a magma. We present a detailed study
of the hydration occurring around common magmatic textures and provide estimates
of mechanisms, timescales and temperatures that lead to the formation of cracks and
crystals in a cooling lava dome.
5.2 Methods
5.2.1 Sample Selection, Characterization and Preparation
Ngongotaha dome is a rhyolitic, peraluminous dome that erupted 230 ka ago [4] as part
of the Rotorua caldera formation in the Taupo Volcanic Zone, New Zealand. It consists
of several lobes of obsidian of homogeneous chemical composition and low initial crys-
tallinity of <5 % [128]. A sample (Ng-10-7) with low spherulitization and perlitization
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with pristine glass was chosen for analysis. X-ray powder diffractometry on a Philips
PW1820/1710 of isolated spherulites yielded ≈ 60 wt.% albite and ≈ 40 wt. % cristo-
balite. X-ray diffraction patterns were collected between 2Θ values of 3◦ - 70◦ with a
generator current of 50 kV, a generator potential of 40 mA (using Cu Kα radiation)
and a scan speed of 0.02◦ 2Θ/s. Peak areas of each identified phase were measured to
estimate relative amounts.
The sample was immersed in epoxy resin at atmospheric pressure in order to prevent
further cracking during sample preparation. For FTIR measurements, samples were
polished on two parallel surfaces to a thickness of 167 µm using silicon carbide and
diamond paste of decreasing grain sizes to 0.25 µm to ensure highly polished surfaces.
Ethyl cyanoacrylate (superglue) was used to mount the sample on a glass slide, allowing
the second side of the sample to be polished. The superglue was completely removed
with acetone to free the samples for analysis. No binding agent was present when the
sample was viewed under the microscope.
5.2.2 Calorimetry
The glass transition temperature of 43.05 mg of chips of Ng-10-7 was estimated using
a Netzsch Differential Scanning Calorimeter 404 (DSC) similar to Giordano et al. [59].
A sapphire crystal of approximately the same weight as the sample was used for heat
capacity calibration and measurements. The specific heat capacity (Cp) was measured
at a heating rate of 10 ◦C/min in a N2-purged furnace. In this study, the temperature
at the peak in Cp associated with the glass transition measured at 10
◦C/min was used
to define T g.
5.2.3 Imaging Micro Fourier Transform Infrared Spectroscopy (FTIR)
Infrared absorption spectra were collected on a Varian FTS Stingray 7000 Micro Image
Analyser spectrometer and attached UMA 600 microscope at the Institute for Research
on Earth Evolution (IFREE), Japan Agency for Marine Earth Science and Technology
(JAMSTEC), using a ceramic source and a Ge-coated KBr beamsplitter. The sample
was placed on a dry KBr window, which is under N2-purge along with the interior of
the microscope and the spectrometer bench, and the area for analysis was selected using
the microscope. The absorbance spectra were recorded using a Varian Inc. Lancer Focal
Plane Array (FPA) camera with an infrared photovoltaic MCT array detector housed in
the microscope. The FPA camera consists of 64x 64 channels providing 4096 individual
spectra over the spectral range 4000–900 cm−1. The imaged area is 350 x 350 µm
resulting in each channel, or spectrum in the image, having a resolution of 5.5 µm. The
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detector was cooled with liquid nitrogen and calibrated regularly. Every 200 minutes a
background measurement was performed and subtracted from the images. Sample wafer
thicknesses were measured using a Mitutoyo micrometer, which can measure within ±1
µm. An average thickness of 167 ±3 µm was measured at 10 spots around the measured
area in the samples. Measuring interference fringes in reflectance spectra following the
method outlined in Nichols and Wysoczanski [113] and a refractive index for rhyolite of
1.5 [91] yielded a higher standard deviation of up to ±5 µm around a similar median
value of 170 µm. Total water contents were quantified using the band of fundamental
OH stretching at a wavenumber of 3576 cm−1 [159] . The absorbance was taken as the
height of the peak above a linear baseline. A density of 2350 kg/m3 [154] and a molar
absorption coefficient of 88 l/mol·cm [46] were used as representative of rhyolite.
5.3 Results and Discussion
In this section, the calorimetric properties and textures of the rhyolitic obsidian (Ng
10-7) are assessed and the order in which textures could have developed during cooling
examined. Water distributions in the sample and numerical models of water diffusion
are used to constrain the temperatures and timescales of alteration of the volcanic dome.
5.3.1 Calorimetry
The peak of specific heat capacity during initial heating at 10 ◦C/min defined the glass
transition at a temperature of 655 ◦C . However, the peak height is not large enough for
cooling rates to be quantified by relaxation geospeedometry measurements as previously
performed on other samples by Gottsmann and Dingwell [64] and Ferk et al. [49] . The
model of Giordano et al. [60] predicts T g to be 657
◦C for a melt of the Nongotaha’s
chemical composition (as given by Richnow [128]) with a total water content of 0.3 wt.%
H2O equivalent to the average water content of the samples.
5.3.2 Textural Descriptions
Typical textures within rocks that outcrop at the Ngongotaha Dome, New Zealand, are
shown in Fig. 5.1. Most glassy areas in the dome have arcuate, randomly distributed
perlitic cracks, spherulites and microlites. Black areas represent pure glass that grades
into gray, highly devitrified areas (Fig. 5.1a). The spherulites are spheres of radially
oriented crystals, that grow around nuclei such as microlite crystals of metal oxides or
feldspars. The glass surrounding spherulites is both radially and concentrically cracked.
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Figure 5.1: a: Glass with arcuate perlitic cracks, spherulites and microlites. b:
Spherulites present in sample Ng-10-7. c: Typical progressively growing spherulites in
more devitrified samples. Some flow bands are deflected by spherulite growth d: A
spherulite cluster shows extensional gashes ≈70 ◦ to the direction of flow banding. e:
Macroscopic clusters of spherulites along flow bands are displaced by a healed crack.
(All images are from Ngongotaha dome)
In contrast, the glass surrounding microlites is rarely cracked (Fig. 5.1b). In more
devitrified areas, spherulites occur in clusters, where smaller spherulites frequently grow
in radial patterns around larger spherulites. Flow bands can be traced through the
spherulites, although they have been deflected by the growth of the spherulite (Fig.
5.1c). Some spherulite clusters show extensional gashes, perpendicular to the direction
of flow banding (Fig. 5.1e). Macroscopic clusters of spherulites are elongate along
existing flow bands. Flow bands are lined with variably colored palagonite along with
clusters of spherulites. In one case (Fig. 5.1e) the bands are displaced by a fault that
appears to have healed. A key observation is that perlitic cracks have not been displaced
by this fault.
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Both cracks and spherulites can be sources of hydration if the timescales and tempera-
tures allow water to diffuse into the glass. In order to investigate the intricate relation-
ship between spherulites and cracks, a single glassy sample was chosen for detailed FTIR
measurements to characterize the distribution of water. This sample (Fig. 5.2) shows
cracks and spherulites as well as opaque microlites in otherwise clear glass. No textural
features such as microlites or vesicles are present in the analyzed sample to indicate a
direction of shearing expressed by flow banding.
The most common textures within this sample are divided into four types by their
petrographic appearance (marked a–d in Fig.5.2).
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Figure 5.2: The different types of texture in the Ngongotaha dome sample: Type
a: Spherulites and other crystals (mostly metaloxides) brown. Type b: Radial cracks
associated with spherulites red. Type c: network of cracks blue. Type d: individual
cracks without any association yellow.
Type a: Spherulites: 5-10 vol.% of this sample consist of spherulites, which accounts for
most of the overall crystallinity of the rock. The spherulites are typically ≈2
±1 mm in diameter. The spherulites are distributed heterogeneously in this
sample and are not clustered or aligned.
Type b: Thin cracks (≤1 µm wide) of usually a few hundred micrometers in length
radiate from the spherulites.
Type c: Slightly curved cracks that form a network over the whole thin section and
are broader and longer than type b and type d cracks. These curved cracks
do not cross spherulites and terminate at spherulite rims. Additionally, they
do not appear to be diverted by spherulites and end roughly perpendicular to
spherulite surfaces.
Type d: Sharp and disparate cracks are randomly oriented and typically ≈1 mm long.
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5.3.3 Textural constraints on timing of crack formation
Textures preserved in the glassy samples from Ngongotaha dome provide information
about the processes and the order of events during cooling of a volcanic dome. The
crack displacing spherulites and flow bands in Fig. 5.1 shows that high temperatures
(close to T g) existed after spherulite growth due to crack healing. In addition, T g could
have been crossed multiple times by elevated strain rates at temperatures greater than
the calorimetric T g [44, 174].
The displacement of flow bands by spherulites indicates that the spherulites began grow-
ing at T > T g. The brittle nature of the type b fractures around the spherulite indicates
that T < T g may have existed towards the end of spherulite growth. Circular cracks,
parallel to the surface of spherulites, resulted from a pressure imbalance associated ei-
ther with volume reduction caused by spherulites replacing the glass or from a difference
in the thermal expansion coefficient present between glass and crystals. Concentric and
radial fractures are related to volume changes associated with crystal growth, hydration,
and volatile exsolution.
Type c cracks are randomly distributed throughout the sample. Generally, these cracks
do not cross–cut spherulites but terminate at the surface of the spherulite. Reasons for
this include that the crack stopped at the spherulite margin or that these cracks joined
up with preexisting radial cracks of type b that surround the spherulites. Regardless,
this supports the hypothesis that the cracks of type c were formed after the spherulites
and after the formation of cracks of type b (i.e., at lower temperatures). The arcu-
ate shape and the hydration and the homogeneous anisotropic distribution of type c
cracks throughout the rock fit the definition of perlitic cracks [102]. To further confine
timescales and temperatures of formation of these textures, they were targeted for FTIR
measurements.
5.3.4 FTIR Results
An overview of the total water concentrations in sample Ng-10-7 is shown in Figs. 5.3
and 5.4. Each color map shows the distribution of total water over an area of 350
x 350 µm. Warmer colors indicate higher water contents. This immediately shows a
redistribution of water around the textural features. Water concentrations are as low
as 0.2 wt.% in unaffected areas of glass and reach ≈ 0.9 wt.% close to the spherulites
and around the cracks of types b and c. The water contents decrease to the low values
over distances typically of about 100 µm (see Fig. 5.3). This considers only hydrated
margins with symmetric diffusion profiles due to the cracks being aligned parallel to the
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Figure 5.3: Overview of water distribution around a spherulite in sample Ng-10-7.
Colors represent the amount of total H2O, with higher water contents drawn in warmer
colors. Cracks and spherulites have been masked gray.
beam path. Water contents in areas of resin filled cracks and areas of alteration are
masked out in Figs. 5.3 and 5.4.
5.3.5 Water Diffusion
The distribution of water around (a) the spherulite, (b) the spherulitic cracks and (c) the
arcuate cracks follows similar patterns, suggesting that hydration was caused by similar
mechanisms. Water concentration around the type c arcuate cracks shows a gradient,
indicating that hydration occurred after the crack formed. This is contrary to hydration
being the reason for development of perlitic cracks as outlined by Morse et al. [106] and
Friedman et al. [54] but rather is a result of the cracking. Type d cracks do not have
any water enrichment associated with them. This suggests that they formed at a very
low temperature at which diffusion rates would be sufficiently low to prohibit any water
from entering the glass after formation. The high contrast, the sharp edges, the lack of
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Figure 5.4: Distribution of water around a crack of type c. The asymmetry is inter-
preted as due to the crack not being perfectly straight and perpendicular to the surface
of the measured wafer.
any evidence for crack healing and the short lengths of the cracks indicate brittle failure
at low temperatures.
Spherulite growth is estimated to start at a minimum undercooling of ∆T = 150 ◦C;
spherulites of the type found in the Ngongotaha dome rhyolite are produced at ∆T
= 245–395 ◦C [48]. For a liquidus of 1000 ◦C (calculated using MELTS [58], rhyolite
composition and bulk water content at atmospheric pressure) undercooling by ∆T cor-
responds to temperatures of 850 ◦C and 765–605 ◦C, respectively. Watkins et al. [181]
suggested 400 ◦C to be the lower limit of spherulite growth within reasonable timescales.
Spherulite growth rates range between 0.25 nm/s and 4 nm/s [29]. For the spherulite
in Fig. 3 (diameter of about 900 µm), this would mean that the spherulites grew over
timescales of 62.5 h to 1000 h. Cooling rates at T g in rhyolitic flow features are estimated
to be 0.001 to 10 ◦C/min in settings with sub–surface conductive heat loss [e.g 49, 64].
Under these conditions the glass would have cooled from an eruptive temperature of 815
◦C [128] to 400 ◦C in ≈45 min to ≈325 days, assuming Newtonian cooling at ambient
temperatures of 10 ◦C. The spatial association between spherulites and type b cracks
and the similar width of diffusion distance of water species indicate that spherulites
and type b cracks formed concurrently under similar conditions. We have shown that
spherulites started growing above T g (≈655 ◦C), as the flow banding is deflected and
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cracks that are offsetting the spherulitic bands have rehealed. The open, radial cracks of
type b that surround spherulites are formed during spherulite growth, due to the brittle
and sub-T g behavior of the glass.
With these observational temperature and timescale constraints, we can model diffusion
profiles for the water distributions found in sample Ng–10–7. The model assumes atmo-
spheric pressure (105 Pa), as the samples were collected near the surface of the dome.
A simple solution of Fick’s second law of diffusion was used according to Tomozawa and
Davis [167]. Both ends of the model domain have fixed water concentrations as bound-
ary conditions. This model is best suited to compare the temperatures and timescales
of different features of hydration. According to Zhang and Ni [196], a complementary
error function (erfc) is sufficient to be used as a solution as shown in the equation:
C(x) = Cberfc(
x
2
√
Dt
) (5.1)
with C as the concentration, Cb as the boundary concentration (both in kg/kg and
normalized to the far field concentration), x as the distance (in m), t as the timescale
(in s). The diffusivity of water in peraluminous rhyolite glasses (m2/s) was calculated
according to Zhang and Ni [196] as:
DrhyoliteH2Ot = Cbexp(−18.1 + 1.888P −
9699 + 3626P
T
) (5.2)
where T is temperature in K, P is pressure (GPa), in this case atmospheric pressure (105
Pa = 10−4 GPa), and Cb is the boundary concentration of total H2O (H2Ot) in wt.%
(Cw = 1 for H2Ot of 1 wt.%). Diffusivity changes due to concentration differences along
the profile were neglected and fixed at the maximum level of the boundary. Despite this
model not accounting for geometrical effects (e.g. growth of the spherulite and spherical
diffusion; see also Castro et al. [29], Hesse [69] and Watkins et al. [181] for alternative
models), our data fits reasonably well for a range of t − T conditions (Fig. 5.5) and
produces similar length scales as the model by Hesse [69] for the growth rates given by
Castro et al. [29]. Time-temperature pairs with a good agreement could be found for
each set of data (Fig. 5.6). This shows that the conditions for hydration are at elevated
temperatures (well above ambient temperatures of 10 ◦C).
The conditions for hydration related to spherulite growth in the model lie within the
timescales and temperatures discussed earlier, assuming spherulite growth at an average
temperature of ≈600 ◦C (suggesting the onset of hydration at T ' T g) and occuring over
3–5 days. For spherulites, this temperature range probably starts at 765 ◦C> T > T g;
however, we can assume sub–T g hydration for low strain rate volume change–driven
cracks. Geometrical effects during growth of the spherulites were not taken into account
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Figure 5.6: Diffusion models for different T/t conditions that fit water distribution in
measured data, T−t conditions for spherulite growth in other studies and the calorimet-
ric T g at a heating rate of 10
◦C/min. Although overall timescales and temperatures
could vary, the lengthscales of diffusion away from cracks suggest that perlitic cracks
formed when the magma was roughly 50 ◦C cooler than when spherulite cracks formed.
and the diffusion was assumed to start instantly after growth; therefore, the timescales
are a minimum estimate. The amount of diffused water is less than the water content
of the crystallized melt. Hence, this is most likely a redistribution of magmatic water
rather than post–eruptive hydration by meteoric water.
Spherulitic radial cracks (type b) fit lower temperature ranges at the timescale of
spherulite growth. This represents a delay in the onset of cracking and hydration to-
wards the end of spherulite growth and/or a limited time where the required water and
temperature are available. This agrees with textural observations, as these cracks have a
limited water supply related to the growth of spherulites and must have opened after T g
was crossed but while spherulite growth was still proceeding and there was still a source
of water available. The hydration along perlitic cracks (type c) fits a wide range of
conditions for diffusion; however, perlitic cracks do not intersect spherulites, but rather
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Figure 5.7: Model of alteration in a cooling lava dome. Grey areas have locally
increased water contents and cracks are drawn as black lines. The scale of the frame is
in the range of millimeters. a: A spherulite forms around a microlite nucleus (shown
as diamond at center of spherulite) and results in a hydration halo. b: Radial and
concentric cracks form around the spherulite; water travels along the radial cracks and
diffuses into the surrounding glass. c: Perlitic cracks form and allow circulation of
water (and therefore further hydration) at much lower temperatures. d: Cracks form
at ambient temperatures that are not hydrated.
they merge with the spherulitic cracks. This shows that pelitization must have occurred
after spherulite related cracking. Average temperatures around 450 ◦C for ≈650 h are
consistent with the diffusion profiles measured (Fig. 5.6). On the other hand, quenching
due to the down flow of meteoric water and slower cooling with hydration at higher
temperatures is also plausible.
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5.4 Implications for a cooling lava dome
Common textural features in magma are formed in late stages of cooling. In this case
study, spherulitic, anhydrous minerals formed first (Fig. 5.7a), producing cracks that
acted as channels for water to be redistributed during crystal growth (Fig. 5.7b). At
lower temperatures, perlitic cracks formed allowing water (from meteoric and/or mag-
matic sources) to flux through the dome (Fig. 5.7c). At ambient temperatures (10 ◦C
average), additional cracks opened that were not subsequently hydrated due to the low
temperatures (Fig. 5.7d). We conclude that hydration occurred only at temperatures
between T g and roughly ≈400 ◦C over timescales of days to months. Temperatures and
timescales of hydration around these textural features depend largely on individual cool-
ing rates and chemical compositions as well as crystal and bubble contents. However,
we demonstrate that local changes in hydration and textures occur soon after effusive
eruption of fresh lava. This has significant implications for the stability and permeability
of lava domes, considering the formation of cracks weakens the brittle parts of domes,
and therefore may initiate dome collapses and block and ash flows. Cracks produced
during cooling of a lava dome can also act as pathways for degassing of freshly introduced
magma. This could possibly overcome glassy barriers of low permeability in volcanic
plugs [79, 109, 133, 188].
Chapter 6
Conclusions
Water distribution in volcanic rocks is heterogeneous, showing microscopic
gradients of hydration and dehydration across all common volcanic textures
(Fig. 6.1). This study shows, that water distribution patterns are a powerful
tool to discriminate textural features and confine their thermal and temporal
evolution. By employing high resolution Fourier transform infrared spectro-
scopic techniques on natural and experimentally altered rocks in combination
with textural studies, a conceptual model of the texture formation during
many stages of volcanic eruptions was developed (Fig. 6.1).
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Figure 6.1: Common textures in magma evolve during ascent, eruption and emplace-
ment. The formation of bubbles, flow bands, crystals and cracks occurs over wide ranges
of temperatures and is associated by water redistribution. Numerical and conceptual
models of water redistribution based on high-resolution FTIR analyses, as well as tex-
tural analysis could show the processes, temperature and timescales during evolution
of textures in a cooling magma. Key-points are: a: Water diffusion profiles preserve
temperature regimes of bubble formation and collapse until equilibration. b: Water
resorption due to the retrograde solubility of water could lead to bubble collapse and
the formation of flow bands. c: Textures in a cooling lava dome form within hours to
months at temperatures slightly above the glass transition to ambient temperatures.
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Bubble formation usually marks the onset of water oversaturation during magma rise
in volcanic eruptions (Fig. 6.1). If bubbles are quenched while still growing through
diffusion of water, a dehydration rim can be observed around most of the vesicles, pre-
serving water diffusion profiles that can be modeled with diffusion modeling at fixed
boundary conditions (3). Similar water distributions may be observed around bubbles
in pyroclastic material that was erupted right after bubble growth and was not hy-
drated post-eruption [180]. If the melt stagnates unquenched, water exsolution rims will
be equilibrated in timescales of days (Chapter 3), depending on diffusivities, viscosities
and extent of gradients. This is commonly the case for medium volumes of magmatic
foams, which experience long timescales at viscosities that allow for diffusion e.g. in
lava domes and plugs or in large lava flows and pyroclastic flow deposits (Chapter 3 and
4). If, however, the temperature of the magma/lava decreases before equilibration as
a relaxed melt, water increases may be observed around the bubbles. Therefore, rocks
that do show increases of water around otherwise isolated bubbles, have a complex, non-
monotonic thermal history. This could e.g. be used to determine whether an erupted
rock was ejected after initial bubble growth, or whether its ascent was involving stages of
short–term stagnation. Collapsing of foams is dominated by degassing through a perme-
able network [21]. However, permeable networks can be sealed by formation of bubble
free melt that preferentially forms on surfaces due to collapse of bubbles (3), while de-
hydrating further through diffusion. Shearing of melt further increases permeabilities
[19, 118] by creating degassing pathways through connecting and stretching vesicles in
foams. The breaking of a degassed sealed surface layer could be an additional important
result of structural shearing and fracturing of volcanic foams, and result in large jumps
in permeability.
Completely bubble free rhyolite melts are rare, as outgassing through a bubble network
is limited at low porosities and bubble movement in a high viscosity melts is slow in
cooling magma. The rare cases of bubble free glass therefore have to be explained by
shear driven outgassing during flow band formation and re-sorption of small bubbles (Fig.
6.1, Chapter 4). I can show that some natural samples show signs of bubble collapse due
to water re-sorption (Chapter 4). Water heterogeneities could also be observed across
flow banding in otherwise bubble free melt. These heterogeneities are due to layering of
differently dehydrated rocks formed by the remnants of late re-sorption and outgassing
of water into the surrounding melt.
Flow banding can also be present as heterogeneous distributions of crystals. These
crystals are often the result of late stage crystal growth below solidus temperatures.
In special circumstances of high viscosities and ideal cooling rates, the crystals grow
radially as spherulites (Fig. 6.1). It could be shown that spherulites start growing at
temperatures above the glass transition, i.e. in a melt. However, we have evidence for
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continuing growth once the melt becomes a glass. As the anhydrous crystal grows wa-
ter that was dissolved in the melt or glass is redistributed into haloes of water around
the crystals. Cracks around the crystals that form because of volume changes associ-
ated with the crystal growth are hydrated with magmatic water (Fig. 6.1). At lower
temperatures a connected network of arcuate (perlitic) cracks may form. This network
is also hydrated, however independently from crystal growth and at longer timescales.
This could possibly be explained by fracturing due to thermal stress and the successive
hydration by meteoric water, as the lava cools further. More cracks may form at am-
bient temperatures, however, timescales of hydration are prohibitively long to allow for
comparable hydration rims from lavas from recent volcanic eruptions.
The textures of volcanic rocks provide a window into eruptive processes. High-resolution
water profiles in volcanic rocks can help to confine timescales and temperatures of their
formation. Qualitative and quantitative evaluation of the distribution and length-scales
of water heterogeneities in rhyolitic rocks can help to create important conceptual models
of eruption processes. This could be used as a tool to identify the thermal history and
evolution of volcanic rocks for a better understanding of volcanic eruptions.
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Question What	  answer	  could	  be	  provided?1.	  What	  technique	  is	  best	  suited	  for	  quantitative	  water	  analysis	  at	  high	  spatial	  resolution?
FTIR	  is	  at	  the	  moment	  the	  most	  reliable,	  readily	  available	  technique.	  Synchrotron	  light	  sources	  an	  FPA	  detectors	  open	  new	  possibilities	  in	  terms	  of	  spatial	  resolution	  and	  mapping	  techniques.2.	  What	  is	  the	  best	  way	  to	  prepare	  fragile	  samples	  of	  vesicular,	  cracked	  and	  fragile	  glass? Sample	  preparation	  techniques	  and	  methods	  during	  analysis	  depend	  highly	  on	  the	  properties	  of	  each	  individual	  sample.	  An	  overview	  of	  techniques	  in	  Chapter	  2	  will	  help	  to	  assess	  the	  challenges	  of	  measurements	  at	  the	  diffraction	  limit	  of	  resolution.	  3.	  What	  are	  typical	  water	  distribution	  patterns	  around	  bubbles	  	  and	  can	  they	  be	  used	  as	  a	  proxy	  for	  volcanic	  processes?	  
There	  are	  at	  least	  	  different	  patterns	  of	  water	  distribution	  around	  the	  bubbles:	  increases,	  decreases	  and	  homogeneous	  distribution.	  These	  can	  be	  associated	  with	  distinct	  cooling/bubble	  growth	  histories	  for	  the	  samples	  of	  this	  study.	  4.	  Is	  bubble	  resorption	  due	  to	  cooling	  possible	  and	  what	  is	  the	  impact	  on	  volume	  and	  water	  distribution	  of	  volcanic	  rocks?
Bubble	  resorption	  is	  possible,	  however,	  a	  volumetric	  effect	  of	  the	  resorption	  could	  not	  conclusively	  be	  detected.	  In	  other	  scenarios	  (sheared	  bubbles)	  this	  could	  however	  prove	  to	  be	  an	  important	  process	  of	  bubble	  collapse	  in	  highly	  viscous	  magmas.	  	  	  	  	  	  	  3.	  What	  are	  typical	  timescales	  of	  isobaric	  bubble	  growth	  and	  could	  this	  be	  measured	  in	  natural	  samples? The	  timescales	  associated	  with	  the	  water	  distribution	  patterns	  range	  between	  2	  h	  -­‐	  24h.	  However,	  temperatures	  are	  slightly	  higher	  than	  typical	  eruptive	  temperatures.
5.	  Are	  there	  water	  heterogeneities	  associated	  to	  flow	  bands?	   Yes,	  I	  could	  detect	  a	  slight	  increase	  of	  water	  across	  a	  flow	  band.	  	  
6.	  What	  are	  flow	  bands	  and	  how	  do	  they	  form?	  	   One	  possible	  mechanism	  of	  flow	  band	  formation	  is	  the	  collapse	  of	  a	  foam	  and	  the	  heterogeneous	  resorption	  of	  water	  due	  to	  localized	  shearing	  within	  the	  melt.	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  7.	  Could	  flow	  banding	  be	  associated	  to	  the	  collapse	  of	  magmatic	  foams? Water	  increases	  could	  be	  found	  in	  resorbing	  bubbles	  in	  a	  natural	  melt.	  However,	  this	  only	  states	  one	  possiblity	  for	  the	  creation	  of	  water	  heterogeneities	  in	  flow	  bands	  and	  heterogeneous	  devolatization	  is	  equally	  possible.	  8.	  At	  what	  temperatures	  do	  spherulites	  form	  and	  do	  they	  form	  below	  the	  glass	  transition? Spherulites	  form	  above	  the	  glass	  transition	  temperature,	  however,	  the	  samples	  in	  this	  study	  show	  contiuing	  growth	  below	  Tg.	  
9.	  How	  do	  Spherulites	  relate	  to	  other	  textures	  in	  volcanic	  domes	  in	  terms	  of	  temperature,	  timescales	  and	  formation	  processes?
Spherulites	  form	  cracks	  during	  their	  growth,	  that	  are	  later	  being	  matched	  by	  spherulitic	  cracking.	  The	  relations	  between	  the	  generations	  of	  cracks	  can	  be	  used	  to	  determine	  the	  order	  of	  formation.	  
	  10.	  Have	  all	  cracks	  found	  in	  volcanic	  glass	  formed	  at	  the	  same	  time	  and	  temperature?	  	  	  	   No,	  water	  distribution	  patterns	  and	  textural	  relations	  show	  at	  least	  3	  generations	  of	  cracks:	  spherulitic	  cracks,	  perlitic	  cracks	  and	  low-­‐T	  (ambient	  temperature)	  cracking.	  11.	  What	  are	  possible	  processes	  that	  lead	  to	  cracking	  in	  magma?	  	   Crystal	  growth,	  thermal	  stressing	  and	  brittle	  deformation	  are	  the	  three	  processes	  that	  presumably	  lead	  to	  cracking	  in	  the	  samples	  studied.	  
12.	  What	  are	  perlitic	  cracks,	  how	  do	  they	  form	  and	  at	  what	  temperature	  range	  and	  timescales. Perlitic	  cracks	  are	  an	  open	  network	  that	  forms	  at	  low	  temperatures	  (~400ºC)	  and	  are	  hydrated	  over	  the	  course	  of	  days	  to	  months,	  possibly	  by	  meteoric	  water.	  
Chapte
r	  3
Chapte
r	  4
Chapte
r	  5
Chapte
r	  2
Table 6.1: Statements to the aim of this study.
Appendix A
Digital Appendix
The digital appendix contains the following files:
• The folder FTIR maps contains .pdf files of FTIR absorption peaks of water in the
near IR. These were measured at the Australian Synchrotron. All diagrams and
maps show absorbances rather than water distribution. The sample names refer
to BL - Ben Lomond, Ng - Ngongotaha, MI- Mayor Island, LGM - Little Glass
Mountain.
• The file BL24.wmv is a time-lapse video file of a heating experiment on a sample
from Ben Lomond. Temperature was 950 ◦C, total time were 24 h. The real time
of the experiment is shown in the top left corner in hh:mm:ss.
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